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ABSTRACT
T h is  d i s s e r t a t i o n  p r e s e n ts  th e  developm ent o f  a f l e x i b l e  dynamic 
m odel fo r  u se  in  th e  d e s ig n  and a n a ly s is  o f  w a ste  w ater  fo r  r e -u s e  p ro­
c e s s in g  sy ste m s.
The work was d iv id e d  in to  two p h a ses:
1 . D evelopm ent o f  m e c h a n is t ic  m od els o f  s e v e r a l  u n it  p r o c e s s e s  
prom inent in  th e  w ater  r e - u s e  a rea . T hese in c lu d e  m odels o f  
tu b u la r  u l t r a f i l t r a t i o n ,  h o llo w  f ib e r  r e v e r s e  o s m o s is , u l t r a ­
v i o l e t  r a d ia t io n  enhanced o z o n a t io n , and h y p o c h lo r in a t io n .
M ethodology fo r  e v a lu a t in g  m odel p aram eters from e x p e r i­
m en ta l d a ta  i s  a ls o  g iv e n .
2 .  D evelopm ent o f  a dynamic p r o c e s s  f lo w  s im u la to r  package w hich  
c o n s o l id a t e s  th e  component m odels d evelop ed  under p h ase  1  in t o  
an in te g r a te d  m odel.
The r e s u l t s  o f  an exam ple s im u la t io n  o f  a w ater p r o c e s s in g  u n it  
s im ila r  to  a d e s ig n  prop osed  under c o n tr a c t  to  th e  U. S. Army M edical 
R esearch  and D evelopm ent Command are  p r e se n te d .
x
CHAPTER I
INTRODUCTION
Over th e  p a s t  s e v e r a l  y e a r s ,  th e  U. S. Army M edical R esearch  and 
D evelopm ent Command (USAMRDC) h as been in v o lv e d  in  th e  developm ent o f  
w ater r e -u s e  sy stem s fo r  p u rp o ses  such a s  th e  su p p ort o f  f i e l d  m ed ica l 
u n i t s .  G iven th e  spectrum  o f p o s s ib le  a p p l ic a t io n s ,  th e  te c h n o lo g y  in  
th e  w ater  r e -u s e  a r e a  i s  b e in g  d ev e lo p e d .
The d e s ig n  o b j e c t iv e s  f o r  th e s e  sy stem s w i l l  vary  c o n s id e r a b ly  
depending on th e  s p e c i f i c  a p p l ic a t io n ,  but in c lu d e d  in  th e  s e t  o f  impor­
ta n t  c o n s id e r a t io n s  a r e  th e  fo llo w in g :
1 . Output c a p a c ity
2 .  F r a c t io n a l  r e c o v e r y  and p rod u ct q u a l i t y
3 . S iz e  and w e ig h t
4 . Power consum ption
5. O p e r a tio n a l co m p lex ity  and m ain ten an ce req u irem en ts
6 . Equipment and o p e r a t in g  c o s t s
In e a r ly  i n v e s t i g a t i o n s ,  membrane s e p a r a t io n  emerged a s  a p rom isin g  
te c h n o lo g y . A dvantages o f  membrane system s in c lu d e :
1 . Compact d e s ig n
2 . Low c a p i t a l  c o s t
3 .  Low o p e r a t in g  c o s t
4 . S im ple o p e r a t io n
5 . High rem oval e f f i c i e n c i e s  fo r  many con tam in an ts
6 . Low s e n s i t i v i t y  to  shock  lo a d s
1
2T hese a d v a n ta g es  were r e c o g n iz e d  in  p r e v io u s  s t u d ie s  (1 3 ) w hich  
con clud ed  th a t  r e v e r s e  o sm o sis  would be s e le c t e d  as th e  c e n t r a l  e lem en t  
in  m ost r e -u s e  a p p l ic a t io n s .  T hese s t u d ie s  in d ic a te d  th e  need  fo r  
e f f e c t i v e  p re tre a tm e n t o f  th e w a ste s  to  p rev en t f o u l in g  o f  th e  r e v e r s e  
o sm o sis  m od u les. In  a d d it io n ,  p o s t- tr e a tm e n t  w ould be re q u ir e d  f o r  th e  
rem oval o f  r e s id u a l  o r g a n ic  con tam in an ts w hich p a ss  through th e  r e v e r s e  
o sm o sis  membranes.
S e v e r a l a d d it io n a l  p r o c e s s e s  have been e v a lu a te d  and r e ta in e d  fo r  
p o s s ib l e  u se  in  w a ter  r e -u s e  sy ste m s. W aste e q u a l iz a t io n  was s e le c t e d  
to  dampen f lu c t u a t io n s  in  h y d r a u lic  lo a d in g  and c o n c e n tr a t io n s  o f  "bad 
a c to r"  co n tam in an ts ( i . e . ,  con tam in an ts w hich a r e  d i f f i c u l t  to  t r e a t  or  
may be d e tr im e n ta l in  su b seq u en t p r o c e s s in g  s t e p s ) .  U l t r a f i l t r a t i o n  
was s e l e c t e d  f o r  p re tre a tm e n t and i s  th e  key to  s u c c e s s f u l  and e f f i c i e n t  
o p e r a t io n  o f  su b seq u en t p r o c e s s e s .  U l t r a f i l t r a t i o n  can a c h ie v e  e s s e n ­
t i a l l y  com p lete  r e j e c t io n  o f  suspended  s o l i d s  a t  v e r y  h ig h  w ater  
r e c o v e r ie s  w h ile  e x h ib i t in g  a l l  th e  ad van tages l i s t e d  above f o r  membrane 
s e p a r a t io n  sy ste m s. Compared to  r e v e r s e  o sm o s is , u l t r a f i l t r a t i o n  i s  
p a r t ic u la r ly  w e l l  s u i t e d  to  th e  trea tm en t o f " d ir ty "  p r o c e s s  strea m s  
s in c e  th e  u n i t  p r o d u c t iv i t y  o f  u l t r a f i l t r a t i o n  membranes i s  much h ig h er  
a llo w in g  e f f e c t i v e  u s e  o f  "open" m odule c o n f ig u r a t io n s  w h ich , i f  f o u le d ,  
can be r e a d i ly  c le a n e d . In a d d it io n ,  u l t r a f i l t r a t i o n  membranes a r e  
g e n e r a l ly  l e s s  s u s c e p t ib le  to  damage by " b ad -actor"  c o n s t i t u e n t s  and 
tem p eratu re e x c u r s io n s .  Removal o f  suspended  s o l i d s  by u l t r a f i l t r a t i o n  
p retre a tm e n t p erm its  th e  u t i l i z a t i o n  o f  h ig h ly  com pact, n a r r o w -flo w -  
ch an n el r e v e r s e  o sm o sis  m od u les. O zonation  was s e le c t e d  fo r  e v a lu a t io n  
a s a p o s t- tr e a tm e n t  p r o c e s s  and i s  ca p a b le  o f e f f e c t i v e . l y  rem oving a 
v a r ie t y  o f  o r g a n ic s  from w a ste w a ter . C h lo r in a tio n  was s e le c t e d  a s  a
3f i n a l  p r o c e ss  s t e p  b eca u se  o f  th e  need to  p rev en t th e  grow th o f  m icro ­
organ ism s d u rin g  prod u ct w ater s to r a g e  and th e  need to  d i s i n f e c t  any 
w ater d isc h a r g e d  to  th e  en vironm en t. W hile ozon e i s  a v e r y  e f f e c t i v e  
d i s i n f e c t a n t ,  i t  i s  u n s ta b le ,  and a f t e r  i t  decom p oses, b i o l o g i c a l  con­
ta m in a tio n  can o ccu r .
The Army h as su pp orted  th e  developm ent o f  a p i l o t  p la n t  in c o r p o r ­
a t in g  each  o f  th e  u n it  p r o c e s s e s  m en tion ed . The main o b j e c t iv e  o f  t h i s  
program i s  th e  a c q u is i t io n  o f  d a ta  c h a r a c te r iz in g  th e  o p e r a t io n  o f  th e  
v a r io u s  component p r o c e s s e s .
In th e  d e s ig n  and a n a ly s i s  o f  w ater r e - u s e  s y s te m s , m a th em a tica l 
m od elin g  i s  r e c o g n iz e d  a s  n v e h ic le  fo r  in v e s t ig a t in g  th e  o p e r a t in g  
c h a r a c t e r i s t i c s  o f th e s e  sy stem s a s  w e l l  a s  an a id  in  c o n tr o l  system  
d e s ig n . S e v e r a l f a c t o r s  w hich a re  im p ortan t in  th e  developm en t o f  such  
a m odel a r e  l i s t e d  below :
1 . The m odel must be in h e r e n t ly  f l e x i b l e  w ith  reg a r d s  to  m o d if i­
c a t io n s  in  th e  u n i t  p r o c e s s e s  u se d , p ip in g  a rra n g em en ts , 
equipm ent s i z i n g ,  e t c .
2 . Due to  th e  p r o je c te d  c y c l i c a l  and somewhat s t o c h a s t i c  n a tu r e  
o f  m ost w a ste  s trea m s l i k e l y  to  be e n c o u n te r e d , such  w ater  
p r o c e s s in g  u n i t s  n ev er  reach  s te a d y  s t a t e .  T h e r e fo r e , th e  
m odel m ust n e c e s s a r i l y  be dynamic in  n a tu r e .
3 . I t  i s  e x p e c te d  th a t  th e  w ater r e - u s e  te c h n o lo g y  and a s s o c ia t e d  
p r o c e s s e s  b e in g  d e v e lo p e d , w ith  m o d i f ic a t io n s ,  would be 
a p p ea lin g  to  groups o th e r  than th e  m i l i t a r y .  T h u s, s in c e  
fu tu r e  a p p l ic a t io n s  a re  a t  th e  p r e s e n t  in d e te r m in a n t , th e  
m ethodology o f  a d a p tin g  th e  m odel to  any o f s e v e r a l  -  in d e e d ,  
some even unknown -  w aste  w a ters  sh o u ld  be d ev e lo p ed  r a th e r
4than c r e a t in g  a m odel s p e c i f i c  to  one w a ste  w ater  ty p e .
The s u b je c t  o f  th e  p r e se n t  work i s  th e  developm ent o f  a dynamic 
m odel o f  a w ater  trea tm en t e lem en t in c o r p o r a tin g  th e  u n it  p r o c e s s e s  
d e sc r ib e d  s u b je c t  to  th e  c o n s t r a in t s  enum erated ab o v e . T h is  ta s k  was 
d iv id e d  in t o  two p h a se s:
1 . D evelopm ent o f  component m odels fo r  each  o f  th e  m ajor u n it  p ro­
c e s s e s  in v o lv e d . Each o f  th e s e  m odels was c r e a te d  by w r it in g  
th e  b a s ic  e q u a t io n s  d e s c r ib in g  th e  p a r t ic u la r  sy stem  and cod in g  
a FORTRAN IV program to  s o lv e  th e  e q u a t io n s .
S e v e r a l o f  th e s e  m odels r e q u ir e  v a lu e s  fo r  p aram eters such  
a s  mass t r a n s f e r  c o e f f i c i e n t s  o r  r e a c t io n  r a t e  o r d e r s  which  
must be d eterm in ed  from ex p er im en ta l d a ta . I t  i s  e x p e c te d  th a t  
th e s e  p aram eters a r e  h ig h ly  dependent upon th e  o p e r a t in g  c o n d i­
t io n s  ch o sen  and w a ste  w ater  b e in g  p r o c e s s e d .
In k eep in g  w ith  th e  g o a l o f  d e v e lo p in g  th e  c a p a b i l i t y  o f  
e x ten d in g  th e  m odel to  o th e r  a p p l ic a t io n s  a r e a s ,  d ocu m en tation  
fo r  th e  d e te r m in a tio n  o f  m odel param eters has r e c e iv e d  a h ig h  
p r io r i t y .
C hapters I I ,  I I I ,  IV , and V d e s c r ib e  th e  m odel developm ent 
p r o c e s s  fo r  th e  u l t r a f i l t r a t i o n  (U F ), r e v e r s e  o sm o sis  (RO), 
o z o n a tio n  w ith  u l t r a v i o l e t  r a d ia t io n  (UV), and h y p o c h lo r in a t io n  
(HC) u n i t s ,  r e s p e c t i v e ly .
2 .  D evelopm ent o f  a dynamic p r o c e s s  f lo w  s im u la t io n  package w hich  
com bines th e  component m odels com p leted  d uring  th e  f i r s t  phase  
in to  an in te g r a te d  m od el. E a s i ly  d e sc r ib e d  u n i t s  such  as  
h o ld in g  ta n k s  a r e  im plem ented a s  p a rt o f  th e  f lo w  s im u la to r .
5A ls o ,  m odels o f  a d d it io n a l  or  m o d if ie d  u n it  p r o c e s s e s  a re  
e a s i l y  in c o r p o r a te d  in to  th e  f lo w  s im u la to r .
To make t h i s  in te g r a te d  m odel as f l e x i b l e  as p o s s i b l e ,  th e  p la n t  
c o n f ig u r a t io n  -  th e  p r o c e s s  u n i t s ,  a s  w e l l  as th e  o r ig in  and d e s t in a t io n  
o f  ev er y  p r o c e s s  stream  -  i s  s p e c i f i e d  by th e  in p u t d a ta .
C hapter VI docum ents th e  p r o c e s s  f lo w  s im u la to r  p ack age. As an 
exam ple and t e s t  c a s e ,  a stu d y  o f th e  in te g r a te d  m odel s im u la t in g  th e  
o p e r a t io n  o f  a w ater p r o c e s s in g  u n it  s im ila r  to  th e  one proposed  fo r  th e  
MUST WPE (M ed ica l U n it ,  £ !e lf-C o n ta in ed , T r a n sp o r ta b le  Water P r o c e ss in g  
E lem ent) was perform ed . The MUST WPE developm ent program was a ls o  sup­
p o rted  by th e  Army.
The r e s u l t s  are  p r e se n te d  in  a t e c h n ic a l  re p o r t to  th e  USAMRDC ( 1 2 ) .
CHAPTER II
THE ULTRAFILTRATION SYSTEM MODEL
INTRODUCTION
In t h i s  c h a p te r , th e  developm ent o f  th e  u l t r a f i l t r a t i o n  module 
m odel from b a s ic  e q u a tio n s  i s  p r e s e n te d , th e  s o lu t io n  te ch n iq u e  i s  o u t ­
l i n e d ,  and an a n a ly s is  o f  param eter e s t im a t io n  c o n s id e r a t io n s  i s  g iv e n .
L is t in g s  o f  th e  com puter program s com p rising  th e  m odel are  
in c lu d e d  in  th e  r e p o r t ,  "A M athem atical Model o f  a Tubular U l t r a f i l t r a ­
t io n  U n it fo r  Water Re-Use System s" . Exam ples o f  program runs a lo n g  
w ith  th e  r e s u l t s  o f  a param eter s e n s i t i v i t y  a n a ly s i s  stu d y  a re  p r e se n te d  
in  th e  same r e p o r t .  ( 1 )
DEVELOPMENT OF BASIC EQUATIONS AND METHODS USED
The m odel e q u a t io n s  d ev e lo p ed  c h a r a c te r iz e  th e  o p e r a tio n  o f th e  
Abcor HFD u l t r a f i l t r a t i o n  u n it  shown in  F ig u r e  2 .1 .  Contam inated w ater  
e n te r s  th e  tube a t  z=0 and f lo w s  in  th e  z d ir e c t io n .  The w ater  a t  z=L 
i s  c o l l e c t e d  a s  c o n c e n tr a te .  W hile in  th e  tu b e , some o f  th e  w ater and 
con tam in an ts p a ss  through th e  membrane a tta c h e d  to  th e  tu b e 's  in n er  
s u r fa c e  and a re  c o l l e c t e d  as p erm eate.
Each u l t r a f i l t r a t i o n  tube i s  m odeled as a lo n g  h o llo w  c y l in d e r  w ith  
a sem i-p erm ea b le  membrane ad h erin g  to  th e  in n e r  s u r fa c e  o f  th e  tu b e .
The membrane a c t s  a s  an e x tr a  f i n e  m esh, r e ta in in g  suspended  s o l i d s  and 
some v e r y  la r g e  o r g a n ic s ,  but p a s s in g  w ater  and much o f  th e  d is s o lv e d  
s o l i d s .  During o p e r a t io n ,  a th in  boundary la y e r  i s  assumed to form a t  
th e  membrane through w hich  w ater  m ust p a ss  b e fo r e  rea c h in g  th e  tube
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where:
z = Axial coord inate
L = UF tube length
F = Volumetric  f low r a te
CA = Concentration o f  t o t a l  s o l i d s
CC = Concentration o f  t o t a l  organic  carbon
Dm = UF tube diameter
0 = I n d ic a te s  i n l e t  c o n d i t io n s
F ig u r e  2 . 1 . Diagram o f  One U l t r a f i l t r a t i o n  Module Tube fo r  Material  
Balance Formulations
8w a ll .  D e ta ile d  e q u a tio n s  d e r iv e d  from  w r it in g  component and o v e r a l l  
m a te r ia l  b a la n c e s  fo r  th e  b u lk  and boundary la y e r  s e c t io n s  o f  th e  tube  
form th e  b a s i s  o f  th e  m odel.
F orm u lation  o f E q u ation s
At th e  p r e s e n t ,  th e  m odel i s  concerned  w ith  th r e e  con tam in an ts in  
th e  f e e d :
1 . Suspended s o l i d s
2 .  D is s o lv e d  s o l i d s
3 . TOC (T o ta l O rganic Carbon)
As w r i t t e n ,  th e  m odel assum es th a t  th e  e f f e c t  o f  suspended  s o l i d s  and 
d is s o lv e d  s o l i d s  on th e  f lu x  o f  con tam in an ts through th e  membrane i s  
th e  sam e, p e r m itt in g  th e  d is s o lv e d  and suspended s o l i d s  to  be lumped 
in to  a s i n g l e  co n ta m in a n t, th e  t o t a l  s o l i d s  fo r  th e  fe e d  and c o n c e n tr a te  
s tr e a m s. S in c e  ex p e r im e n ta l e v id e n c e  in d ic a t e s  th a t  th e  membrane 
a c h ie v e s  e s s e n t i a l l y  com p lete  r e j e c t io n  o f  suspended  s o l i d s ,  th e  perme­
a te  i s  assumed to  be com prised o f  w a te r , d is s o lv e d  s o l i d s ,  and TOC.
In  m ost c o n f ig u r a t io n s ,  th e  r e s id e n c e  tim e o f  l iq u id  in  th e  UF tu b es  
w i l l  be n e g l i g i b l e  in  com parison w ith  th e  dynamic c o n tr ib u t io n  o f a s s o c i ­
a ted  equipm ent. T h e r e fo r e , a s te a d y  s t a t e  fo r m u la tio n  has been u se d .
T o ta l S o l id s
A s te a d y  s t a t e  m a te r ia l  b a la n ce  on th e  t o t a l  s o l i d s ,  b e in g  com­
p r is e d  o f  suspended  and d is s o lv e d  s o l i d s  and d e s ig n a te d  'A ',  fo r  th e  
, s l i c e  o f  tube betw een  z and z + Az shown in  F ig u r e  2 .1  y i e l d s :
Input r a t e  o f  A = Output r a te  o f  A
F(z)C  (z )  = F (z  + Az)C (z  + Az) + irD J (z)A z (1 )
A  A  m A
3
where: F (z )  = f l u i d  v o lu m e tr ic  f lo w  r a te  (m /h r )
3
C (z )  = c o n c e n tr a t io n  o f  t o t a l  s o l i d s  (gm/m )n
2
J A z )  = f lu x  o f  A through  membrane (gm /hr-m  )£1
As th e  perm eate c o n ta in s  no suspended  s o l i d s ,  must c o n s i s t  e n t i r e l y  
o f d is s o lv e d  s o l i d s .
TOC (T o ta l O rganic Carbon)
A s te a d y  s t a t e  m a te r ia l  b a la n c e  on th e  TOC, component ’C ',  fo r  th e  
d i f f e r e n t i a l  e lem en t betw een  z and z + Az shoxim in  F ig u r e  2 .1  y i e l d s :  
In pu t r a t e  o f  C = Output r a t e  o f C
F ( z ) C  ( z )  = F ( z  +  Az)C ( z  +  Az) + ttD J ( z ) A z  (2 )
L* U IQ U
3
w here: C ( z )  = c o n c e n tr a t io n  o f  TOC (gm/m )L
2
J (z )  = f lu x  o f  C throu gh  membrane (gm/m -h r )  u
T o ta l M a te r ia l B a lan ce
A s te a d y  s t a t e  t o t a l  m a te r ia l  b a la n c e  f o r  th e  d i f f e r e n t i a l  e lem en t
in  F ig u r e  2 .1  y i e ld s :
Input r a t e  = Output r a te
F ( z )  p = F ( z  + Az)p + ttD [J  ( z )  + J ( z ) + J ( z ) ] A z  (3 )m A B C
3
w here: p = t o t a l  m ass d e n s i t y  (gm/m )
J „ (z )  = f lu x  o f  w a te r , component B , through th e  membrane 
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2
(gm/m -h r )
A naly t i c a l  E q u ation s
E q u a tio n s ( 1 ) ,  (2 )  and (3 )  a r e  r e a d i ly  co n v erted  to  d i f f e r e n t i a l  
e q u a tio n s  by d iv id in g  by Az and ta k in g  th e  l i m i t  a s  Az ap p roach es z e r o .  
For eq u a tio n  ( 1 ) ,  th e  r e s u l t  i s :
1 0
E quation  (2 )  becom es:
h [F(z )Cc ( Z) ]  = ^ DmJ C( z )  (5)
E quation  (3 )  becom es:
- ttD
F ( z )  ,  _ _ s .  [ J a < z )  +  j b ( z )  +  J c ( z ) ]  (6 )
The boundary c o n d it io n s  a r e  a s  fo l lo w s :
F (0 ) = Fo
CA(0 ) '  CA0  
CC<0> ’  CCo
3
w here: F = fe e d  r a t e  to  m odule (m /h r )o
3
= i n l e t  c o n c e n tr a t io n  o f  A (gm/m )
3
C = i n l e t  c o n c e n tr a t io n  o f  C (gm/m )
LO
F lu x es a t  th e  Boundary Layer
To o b ta in  th e  f lu x e s  J , J , and J , a s ta g n a n t  boundary la y e r  i s
A  B L
im agined to  e x i s t  n ea r  th e  in n er  s u r fa c e  o f  th e  membrane a s  shown in  
F ig u re  2 . 2 .  The f o l lo w in g  f lu x e s  in t o  and ou t o f  th e  boundary la y e r  
a re  d e f in e d :
JA = B(CA2 " CA3> (7 )
J B = y (AP -  Air) (8)
Jc (9 )
JDA “ V CA2 ~ V ( 1 0 )
JDB = S ^ B l  “ CB2) ( 1 1 )
JDC = kC(CC2 ~ CC1) ( 1 2 )
w here: J = d i f f u s i o n a l  f lu x  o f  s o l i d s  o u t o f  th e  boundary la y e r ,
gm/m^-hr
, 2
= d i f f u s i o n a l  f lu x  o f  w ater  in t o  th e  boundary la y e r ,  gm/m-hr
1 1
Bulk Fluid
Boundary Layer
Membrane
Permeate
CA1,CB1,CC1
DA DB DC
A j
1
•
CA2’CB2’CC2
J,JJ
CA3’CB3,CC3
F ig u r e  2 . 2 . Fluxes in t o  and out  o f  boundary la y e r
1 2
J = d i f f u s i o n a l  f lu x  o f  TOC ou t o f  th e  boundary la y e r ,DU
gm/m2-h r
3
C = d o n c e n tr a tio n  o f  A in  b u lk  f l u i d ,  gm/mAX
3
C = c o n c e n tr a t io n  o f  A in  boundary la y e r ,  gm/mfiZ
3
= c o n c e n tr a t io n  o f  A in  p erm ea te , gm/m
3
C = c o n c e n tr a t io n  o f  B in  b u lk  f l u i d ,  gm/m B l
3
C = c o n c e n tr a t io n  o f  B in  boundary la y e r ,  gm/m Bz
3C = c o n c e n tr a t io n  o f  B in  p erm eate , gm/m B3
3
= c o n c e n tr a t io n  o f  C in  b u lk  f l u i d ,  gm/m
3
C^ 2  = c o n c e n tr a t io n  o f  C in  boundary la y e r ,  gm/m
3
= c o n c e n tr a t io n  o f  C in  p erm ea te , gm/m
2y = p e r m e a b il ity  c o e f f i c i e n t  fo r  pure w a te r , gm/m -h r-a tm  
B = p e r m e a b il ity  c o e f f i c i e n t  fo r  d is s o lv e d  s o l i d s ,  m /hr 
C = p e r m e a b il ity  c o e f f i c i e n t  fo r  TOC, m /hr  
AP = p r e ssu r e  drop a c r o s s  membrane, atm
Air = o sm o tic  p r e s s u r e  d i f f e r e n c e  a c r o s s  membrane = tt^  -  ir^, atm
ir^  = o sm o tic  p r e s s u r e  a t  boundary la y e r ,  atm
tt^  = o sm o tic  p r e s s u r e  o f  p erm ea te , atm
k , k »k = mass t r a n s fe r  c o e f f i c i e n t s  fo r  s o l i d s , w ater  and TOC, A B C
r e s p e c t i v e ly ,  m/hr
The o sm o tic  p r e s su r e  i s  r e la t e d  to  th e  c o n c e n tr a t io n  o f  co n ta m i-
n a n t s ,C  , and th e  a b s o lu te  tem p era tu re , T, by th e  e m p ir ic a l r e la t io n s h ip  £
t t  =  f(C E ,T) =  aTCE( l  +  gCE ) 2  [ r e f .  ( 3 ) ]  (13 )
3
where: a = c o e f f i c i e n t ,  atm-m /gm-°K
3
3  = c o e f f i c i e n t ,  m /gm
T = a b s o lu te  tem p era tu re , deg K e lv in
3
CE = e f f e c t i v e  contam inant c o n c e n tr a t io n  -  C^ + 8 m/ m
13
kg = c o e f f i c i e n t  e x p r e s s in g  th e  c o n c e n tr a t io n  o f  A e q u iv a le n t  
to  a u n i t  c o n c e n tr a t io n  o f  C fo r  p u rp oses  o f  o sm o tic  
p r e s s u r e , d im e n s io n le s s  
To o b ta in  Air = t t ^  -  ir^, i t  i s  n e c e s s a r y  to  e v a lu a te  tt  ^ u s in g  anc*
CC2’ *3 U S “ 8  CA3 and CC3‘
The f lu x  J due to  th e  b u lk  f lo w  toward th e  boundary la y e r  can be  r
o b ta in e d  by w r it in g  a t o t a l  m a te r ia l  b a la n c e  around th e  boundary la y e r :
J = J + J + J + J -  J + J (1 4 )F A B C DA DB DC '
In a d d it io n ,  component b a la n c e s  fo r  component A and fo r  component C can
be w r it te n :
V m  -  JA + JDA (15)
V d  -  J C + J DC <16)
w here X ',X„., = m ass f r a c t io n s  o f  t o t a l  s o l i d s  and TOC in  b u lk  stream , A1 Cl
r e s p e c t i v e ly .
A component b a la n ce  can a ls o  be w r it t e n  fo r  component B , b u t i t  w i l l
n o t b e  an in d ep en d en t e q u a t io n .
In a d d it io n ,  th e  m ass f r a c t io n s  X _ and X „ a re  r e la t e d  to  J , J ,
A 3  C3 A  B
and Jg as fo l lo w s :
XA3 = J + J +  J <17>AJ A B C
J c
+ t ~t  r  (18)
A B J C
w here X ^  ■XC3 = mass f r a c t io n s  o f  t o t a l  s o l i d s  and TOC in  th e  p erm eate , 
r e s p e c t i v e l y .
The co m p lete  s e t  o f  e q u a tio n s  d e s c r ib in g  th e  f lu x e s  a t  th e  boundary  
la y e r  i s  reproduced  in  T ab le  2 -1 .
Table 2-1. Nonlinear Equations for Fluxes at Boundary Layer
Transport Equations Osmotic Pressure R e la t ionsh ip s
J A = b ( c A2 ■' CA3 ^
Air = tt2 ■
'  ^3
J B = y (AP »
Air) ^ 2  = aTC|E2 ^ + b c E 2 ) 2
J C = C (CC2 ' '  CC3 } u 3 =
aTCjE3 ^ +PCE3>2
3 DA = kA(CA2 CA1 ^ CE2 = CA2 + klECC2
J DB = M CB1 "  CB2 ^ CE3 = CA3 + klECC3
°DC = kc (CC2 ”  W
Material Balances a t  Boundary Layer Mass Frac t ion /D ens i ty /C on centrat ion  R elat ionsh ips
A B 
J FXA1 = JA + JDA 
J FXC1 = JC + JDC
„ -  °A
DA DB
A3 JA + JB + JC
DC XB2 ‘  1 " XA2 “ XC2
CA2 = p XA2 
CB2 = p XB2 
CC2 = p XC2
XB3 ~ 1 " XA3 " XC3
CA3 = p XA3 
CB3 = p XB3 
CC3 = p XC3
C3 JA + JB + JC
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Mass T ra n sfer  C o e f f i c i e n t s
H a r r io t t  and H am ilton  (2 )  g iv e  th e  fo llo w in g  r e la t io n s h ip  fo r  
tu b u la r  u l t r a f i l t r a t i o n  m odules:
NSh * 0 .0 0 9 6 V 0 - 913NSc° - 3 “  (1 9 )
kDw here: N„, = —  = Sherwood numberSh Dx
DVM = —  = R eynolds number Re v J
N = = Schm idt numberSc Dx
w here: k = m ass t r a n s fe r  c o e f f i c i e n t ,  m/hr
2
v = k in e m a tic  v i s c o s i t y ,  m /h r
2
Dx = d i f f u s i v i t y ,  m /h r  
D = c h a r a c t e r i s t i c  le n g t h ,  m 
V = l in e a r  v e l o c i t y  in  a x ia l  d i r e c t io n ,  m /hr 
In th e  c a se  o f  u l t r a f i l t r a t i o n  m o d u les , D i s  taken  to  be th e  tube  
d ia m eter .
S in c e  th e  k in e m a tic  v i s c o s i t y  i s  assumed c o n s ta n t ,  th e  o n ly  e f f e c t  
o f  th e  contam inant c o n c e n tr a t io n s  upon th e  mass t r a n s f e r  c o e f f i c i e n t s  
i s  through th e  d i f f u s i v i t y ,  D .
X
For th e  t o t a l  s o l i d s ,  component A, th e  fo l lo w in g  d i f f u s i v i t y  r e l a ­
t io n s h ip  was u sed :
DAx " [ 1 0 0 aAXA l + bA ^ P ( - 1 0 0 c AXA1 > ] . 1 0 ' 1 0  (2 0 )
2
w here: D = d i f f u s i v i t y  o f  A through w ater  and TOC, m /h r
AX
a . » b . , c .  = c o e f f i c i e n t s  A A A
X„, = b u lk  m ass f r a c t io n  o f  AA1
For th e  TOC, component C, a c o n s ta n t  v a lu e  o f  th e  d i f f u s i v i t y ,
d en oted  a s  D , has been found to  be ad eq u ate , ux
The m ass t r a n s f e r  c o e f f i c i e n t  i s  e v a lu a te d  by com puting  
from th e  b u lk  f lo w  c o n c e n tr a t io n  o f  t o t a l  s o l i d s  and u s in g  t h i s  v a lu e  
fo r  D in  e q u a tio n  ( 1 9 ) ;  s i m i l a r l y ,  k i s  e v a lu a te d  by r e p la c in g  D
X  X
w ith  D in  e q u a tio n  ( 1 9 ) .(jX
A pproxim ations in  th e  F lu x  E q u ation s
In th e  u l t r a f i l t r a t i o n  u n i t ,  th e  c o n c e n tr a t io n s  o f  t o t a l  s o l i d s  
and TOC w i l l  be r e l a t i v e l y  s m a ll .  F urtherm ore, th e  UF membrane w i l l  
tend  to  r e j e c t  th e s e  com ponents. For th e s e  r e a s o n s , th e  fo l lo w in g  
a ssu m p tion s w i l l  be made:
1. The membrane p e r m e a b il ity  f lu x e s  J and J a re  sm a ll comparedA
t 0  J B-
2 . The d i f f u s i o n a l  f lu x e s  J . , and J a re  sm a ll compared toDA Dii DC
JB*
T ab le  2 -2  p r e s e n ts  th e  e q u a tio n s  from T ab le  2 -1  w ith  th e s e  approxim a­
t io n s  in c lu d e d .
D if f e r e n c e  E q u a tio n s
The n u m er ica l s o lu t io n  o f  th e  d i f f e r e n t i a l  e q u a t io n s  i s  e f f e c t e d  
by d i s c r e t i z i n g  in  th e  z - d ir e c t io n  u s in g  an in crem en t Az. T h e r e fo r e ,  
l e t
= i*A z
The d i s c r e t e  v e r s io n s  o f  e q u a tio n s  ( 4 ) ,  ( 5 ) ,  and ( 6 ) a r e  th e  fo l lo w in g  
d if f e r e n c e  fo r m u la t io n s  (c o n s ta n t  d e n s ity  i s  assum ed).
Table 2-2. Simplified Equations for Fluxes at the Boundary Layer
Transport Equations
JA = B<CA2 CA3^
J g  = y ( a P -  Att) 
JC = C^CC2 "
JDA = kA^CA2
C3' 
CA1^
Osmotic Pressure R e la t ionsh ip s
Air =  7r, it.
772 = aTCE2 ^  +gCE2 ^
i
TTg = a T C g g ( l  + g C g g ) ‘
CE2 = CA2 + kECC2
JDC M CC2 " CC1^
CE3 " CA3 + kECC3
Material  Balance a t  Boundary Layer
JF = °B 
JF*A1 = °A + JDA 
J FXC1 = JC + JDC
X = ^
Mass F rac t ion /D ens i ty /C on centrat ion  Rela t ionships
XB2 = 1 XA2 " XC2 
CA2 = pXA2 
CB2 = pXB2
CC2 " pXC2
XB3 " 1 " XA3 " XC3 
CA3 = pXA3
'B3
= PXC
CC3 = pXC3
X =  —  
XC3 0B
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The boundary c o n d i t io n s  become:
F (z  ) = F o o
C . (z  ) = C.A o Ao
C (z  ) = C_C o Co
where z = 0*Az = 0 .  o
F ig u r e  2 .3  i l l u s t r a t e s  th e  procedure fo l lo w e d  f o r  each v a lu e  o f  i  
from 1 to  N, where N = L/Az i s  th e  number o f  in crem en ts  r e q u ir e d .
A lg e b r a ic  E qu ation s f o r  F lu x e s
B lock  1 o f  th e  p roced u re  in  F ig u r e  2 .3  r e q u ir e s  th e  com putation  o f  
JA, J B and Jc  a t  z u s in g  t h e ' v a l u e s  o f  F ( z 1_ 1 > , and Cc^Zi - l ^
t h a t  a r e  p r e s e n t ly  a v a i l a b l e .  T h is  r e q u ir e s  th e  s o l u t i o n  o f  th e  s e t  o f  
e q u a t io n s  in  T ab le  2 - 2 .  As i l l u s t r a t e d  in  F ig u r e  2 . 4 ,  t h i s  e n t a i l s  two 
n e s t e d  i t e r a t i o n  lo o p s .
For both  lo o p s ,  th e  i n t e r v a l  h a lv in g  method i s  u s e d .  V arious  back-  
s u b s t i t u t i o n  methods were t r i e d  in  th e  s o l u t i o n  o f  s i m i l a r  e q u a t io n s  fo r  
th e  R everse  Osmosis Model but w ith o u t  s u c c e s s .  C o n seq u en tly ,  th e  r e l i ­
a b i l i t y  o f  th e  i n t e r v a l  h a lv in g  method had to  tak e  p reced en ce  over  com­
p u t a t i o n a l  e f f i c i e n c y .
For th e  f i r s t  o r  o u te r  i t e r a t i o n  lo o p ,  a v a lu e  o f  C ^  must be 
e s t im a t e d .  I t  i s  known th a t  C  ^ < C ^  < p> which p erm its  i n t e r v a l  
h a lv in g  to  be u t i l i z e d .
However, knowing th e  v a lu e  o f  C  ^ o n ly  p erm its  J^A to  be c a l c u l a t e d .  
To proceed  f u r t h e r ,  a v a lu e  i s  assumed f o r  C ^ ,  which must be in  th e
i n t e r v a l  0 < C.„ < C . , .  T h is  p e r m its  to  be r e a d i l y  c a l c u l a t e d  a s  — A3 — A1 B
f o l l o w s :
JB = kAp [c T  ’  1 - 0 ]  ’ (M )A3
Known va lues  o f  
CA^z i ~ l ^ ’ CC^Zi - l ) ’ F(Zi - l ^
^  :___
C a lcu la te  f l u x e s  JA> J g 3 Jq 
using CA( z . _ 1 ) ,  Cc ( z i _1 ) s F t z ^ )
-      .......
Evaluate F ( z . ) from equation (23)
r   ^  ,___________________
Evaluate ) and Cc (z_.) from 
e q u a t io n s ( 2 1 ) and ( 2 2 ) ,  r e sp e c ­
t i v e l y
          .
4'
i = i+l
F ig u r e  2 .3  
Numerical In te g r a t io n  Procedure
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S t a r t
Use in t e r v a l  ha lv ing  to  s o l v e  
t o r  CA2> where < CA2 < p
Compute 
^A’ JC
C a lc u la te  JDA
Exit
Use in t e r v a l  h a lv in g  to  s o l v e  
f o r  CA3, where 0 < Cft3 < Cftl/
>
Compute J g ,  ^C3’ 1T2 ’ U3 anc*
J * as  o u t l i n e d  in s e c t i o n  1 . 4 . 2  
B
f .  .......................... .
Adjust CA2 so t h a t
°B = V
Evaluate  CA2* as o u t l i n e d  in 
s e c t i o n  1 . 4 . 2
Adjust CA2 so t h a t
r = f  *
A2 A2
F ig u r e  2 .4  
Computation o f  the  Fluxes
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by combining th e  f o l lo w in g  th r e e  e q u a t io n s :
XA3 * V JB
CA3 = pXA3
311(1 JA = kA(CA2 “ CA3*‘
The key to  th e  p rocedu re  i s  t h a t  C ^  and can be c a l c u la t e d
from . The e q u a t io n  15
JBXC1 = J C + JDC 
can be w r i t t e n  a s
JBXC1 = C(CC2 -  CC3> + kC(CC2 -  CC1> (25)
Furtherm ore, th e  eq u a t io n
X - f *C3 JB
can be w r i t t e n  as
C03 C(CC2 -  CC3>
p J B
w hich can be s o lv e d  f o r  C :
(26 )
C' CC2 (27)°C3 JB/p  + C
The e x p r e s s io n  f o r  C  ^ can be s u b s t i t u t e d  i n t o  e q u a t io n  (25)  
to  o b ta in
C'CC2
J BXC1 *  C(CC2 -  V ^ “ C> + kC(CC2 -  CC1> <28)
J X +  k c
° r  CC2  °  — - i - -  <2«
kc + c D
Now t h a t  C _ i s  known, C can be computed u s in g  eq u a t io n  ( 2 7 ) .LZ j
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Now t h a t  v a lu e s  are  a v a i l a b l e  fo r  , *^ c2 ’ ^A3’ anc* ^C3’ t *ie  
o sm o t ic  p r e s s u r e s  ir  ^ and can be computed, and then  Jg* can be e v a lu ­
a te d  u s in g
Air = ir2 -  TTg
and J * = (AP -  A tt)  .15
I f  th e  v a lu e s  o f  J and J * do n o t  a g r e e ,  th e  v a lu e  o f  C must be
B b  A j
c h a n g e d .  U s i n g  t h e  i n t e r v a l  h a l v i n g  t e c h n i q u e ,  t h e  i n t e r v a l  o f  u n c e r ­
t a i n t y  f o r  C i s  r e d u c e d  and  t h e  c o m p u t a t i o n s  r e p e a t e d .
Once a v a lu e  o f  C._ i s  o b ta in e d  th a t  g i v e s  th e  same v a lu e  f o r  J
A 3  B
and th e  assum ption  f o r  must be checked . S in c e  v a lu e s  are
a v a i l a b l e  f o r  J , J , and JnA, we can compute C * as f o l l o w s :
Jj A  D A  A Z
J BXA1 = kA<CA2* -  CA1> +  B(CA2* ‘  CA3> (30>
r e w r i t t e n  as
J_XA. +  k C +  BC „
C * = B A-1  A_A1 A3
A2 k A + B v 'A
I f  i s  n o t  e q u a l  to  » a new v a lu e  f o r  must be assumed. The
i n t e r v a l  h a lv in g  l o g i c  p erm its  th e  i n t e r v a l  o f  u n c e r t a in t y  f o r  to  be 
reduced  and th e  c a l c u l a t i o n s  r e p e a te d .
U sing t h i s  p r o c e d u r e ,  th e  n o n l in e a r  f lu x  e q u a t io n s  a r e  s o lv e d  fo r  
each in t e g r a t i o n  s t e p .
S in c e  th e  d e g ree  o f  c o n c e n tr a t io n  per p a ss  through th e  u l t r a f i l t r a ­
t io n  module i s  s m a l l ,  a s im p le  E u ler  in t e g r a t i o n  method was employed. 
T h is  r e s u l t e d  in  a r e a so n a b ly  a c c u r a te  s o l u t i o n  w ith  m inim al computa­
t i o n a l  e f f o r t .
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PARAMETER ESTIMATION CONSIDERATIONS
V a lu es  o f  s e v e r a l  key v a r i a b l e s ,  such  a s  mass t r a n s f e r  c o e f f i c i e n t s  
and o sm o tic  p r e s s u r e  c o r r e l a t i o n  c o e f f i c i e n t s ,  must be determ ined  fo r  
u se  w i t h in  the m odel.
To e s t im a t e  t h e s e  v a l u e s ,  a P a t te r n  Search  s t r a t e g y  ( 8 ) i s  used to  
m inim ize a c o s t  f u n c t io n  w hich  p e n a l i z e s  f o r  model d e v ia t i o n s  from 
e x p e r im e n ta l  r e s u l t s .
C o s t  F u n c t i o n
The c o s t  f u n c t io n  used  in  t h i s  s tu d y  i s  th e  sum o f  w e ig h te d  r e l a ­
t i v e  squared d i f f e r e n c e s  betw een the  model and e x p e r im e n ta l  d a ta  f o r  
th e  f o l l o w i n g  ite m s  c h a r a c t e r i s t i c  o f  th e  b eh a v io r  o f  th e  u l t r a f i l t r a ­
t io n  u n i t :
1 .  P e r m e a t e  f l u x
2 .  Perm eate s o l i d s  c o n c e n tr a t io n
3. Perm eate t o t a l  o r g a n ic  carbon c o n c e n tr a t io n
The a lg e b r a ic  fo r m u la t io n  o f  th e  c o s t  fu n c t io n  i s  g iv e n  below:
COST = z  Z [W ( 
i = l
n F -  F
 S k i , 2 +  H
e , i
where: COST = c o s t  f u n c t io n  to  be m inim ized
i  = d ata  p o in t  i d e n t i f i e r
n = number o f  d a ta  p o in t s
= w e ig h t in g  f a c t o r  o f  p o in t  i  r e l a t i v e  to  o th e r  d a ta  
p o in t s
W = w e ig h t in g  f a c t o r  f o r  f l u x  f o r  d ata  p o in t  i  ( 0  < W < 1 )
= w e ig h t in g  f a c t o r  f o r  t o t a l  s o l i d s  c o n c e n tr a t io n  fo r  
d a ta  p o in t  i  ( 0  1 )
W = w e ig h t in g  f a c t o r  f o r  TOC c o n c e n tr a t io n  f o r  d a ta  p o in t  i
( 0  f .  < 1 )
F . = e x p e r im e n ta l  v a lu e  o f  perm eate f l u x  fo r  d a ta  p o in t  i
6  j  1
F . = perm eate f l u x  p r e d ic t e d  by model f o r  d a ta  p o in t  im ,i
CA . = e x p e r im e n ta l  perm eate t o t a l  s o l i d s  c o n c e n tr a t io n  f o r  
d a ta  p o in t  i
C = e x p e r im e n ta l  perm eate  TOC c o n c e n tr a t io n  f o r  d a ta  p o in t
w 6  f 1
. = perm eate TOC c o n c e n t r a t io n  p r e d ic t e d  by model f o r  d ata  
Cm , i
p o in t  i
C. . = perm eate  t o t a l  s o l i d s  c o n c e n tr a t io n  p r e d ic t e d  by model Am,i
f o r  d a ta  p o in t  i
In a d d i t io n  to  th e  req u irem en t t h a t  th e  w e ig h t in g  f a c t o r s  W , and
m ust each  be l e s s  than 1 . 0 , th ey  sh o u ld  l o g i c a l l y  sum to  1 . 0  f o r  
each  p o in t  i :
W_. +  W_. + W_. -  1 .0F i  Dx Tx
The p a t t e r n  s e a r c h  te c h n iq u e  was ch osen  to  e f f e c t  th e  m in im iz a t io n  
o f  th e  c o s t  f u n c t io n  f o r  s e v e r a l  r e a s o n s :
1. The method i s  s t r a ig h t fo r w a r d  and easy  to  u s e .
2 .  The method i s  r e l a t i v e l y  i n s e n s i t i v e  to  n u m er ica l e r r o r ;  i . e . ,
no p a r t i a l  d e r i v a t i v e s  a r e  e v a lu a t e d .
3 .  The method g e n e r a l ly  co n v erg e s  to  an optimum in  a r e a s o n a b le  
amount o f  t im e .
4 .  The domain o f  th e  se a r c h  may be e a s i l y  c o n s tr a in e d .
5 . The method i s  f a i r l y  w e l l  known.
A l i s t i n g  o f  th e  p a t t e r n  se a r c h  program i s  p resen ted  in  r e f e r e n c e  ( 9 ) .
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Param eters  t o  be E va lu a ted
T ab le  2 -3  l i s t s  th e  param eters  whose v a lu e s  have been o b ta in e d  by 
th e  param eter e s t im a t io n  p ro ced u re .  The param eters y ,  B, and C may 
o n ly  be o b ta in e d  from th e  o p e r a t io n  o f  th e  U l t r a f i l t r a t i o n  Module 
i t s e l f .
Of th e  rem ain ing  p a ra m eters ,  fo u r  (a ^ ,  b^, and D ^ )  a re  req u ir ed
f o r  th e  mass t r a n s f e r  r e l a t i o n s h i p s  and th r e e  ( a ,  B, and It ) a reh
r e q u ir e d  f o r  th e  o s m o t ic  p r e s s u r e  c o r r e l a t i o n .  I t  sh ou ld  be p o s s i b l e  
to  d ev e lo p  e x p e r im e n ta l  p ro ced u res  t o  e v a lu a t e  t h e s e  in d e p e n d e n t ly  o f  
th e  UF module t e s t ,  but in  th e  a b sen ce  o f  such  e x p e r im e n ts ,  t h e s e  seven  
param eters  a re  a l s o  e v a lu a te d  from the  UF t e s t  d a t a .
D a t a  R e q u i r e m e n t s
The f o l l o w i n g  d a ta  w i l l  be r e q u ir e d  to  p r o p e r ly  o b ta in  n u m erica l  
v a lu e s  f o r  th e  a d j u s t a b le  param eters  w i t h in  th e  f u l l  range o f  ex p ec te d  
o p e r a t in g  c o n d i t io n s  -  in c lu d in g  d a ta  f o r  pure w a te r .
A. S p e c i f i c s  o f  Module C o n f ig u r a t io n  and Geometry
1 .  Number o f  10 f o o t  s e c t i o n s  j o in e d  t o g e t h e r  to  form one  
tube ( d im e n s io n le s s )
2 .  Number o f  tu b es  used  in  th e  module ( d im e n s io n le s s )
3 .  In n er  d ia m eter  o f  tube (m)
B. O p eratin g  T e s t  Data
1 . Feed c o n d i t io n s
3
a. I n l e t  v o lu m e tr ic  f lo w  r a t e  (m /h r )
3
b .  I n l e t  t o t a l  s o l i d s  c o n c e n tr a t io n  (gm/m = mg/1)
3
c .  I n l e t  TOC c o n c e n tr a t io n  (gm/m = gm/1)
d .  I n l e t  p r e s s u r e  (atm)
e .  Temperature (°K)
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T able  2 - 3 .  U l t r a f i l t r a t i o n  Model Param eters
Y Membrane pure w a ter  p e r m e a b i l i t y  c o e f f i c i e n t
B Membrane t o t a l  s o l i d s  p e r m e a b i l i t y  c o e f f i c i e n t
C Membrane TOC p e r m e a b i l i t y  c o e f f i c i e n t
a^ C o e f f i c i e n t  in  d i f f u s i v i t y  r e l a t i o n s h i p  f o r  A
b^ C o e f f i c i e n t  in  d i f f u s i v i t y  r e l a t i o n s h i p  f o r  A
c^ C o e f f i c i e n t  in  d i f f u s i v i t y  r e l a t i o n s h i p  f o r  A
D^ , D i f f u s i v i t y  o f  TOC i n  w ater and d i s s o l v e d  s o l i d s
a C o e f f i c i e n t  in  o sm o t ic  p r e s s u r e  c o r r e l a t i o n
3 C o e f f i c i e n t  in  o sm o t ic  p r e s s u r e  c o r r e l a t i o n
k Mass o f  d i s s o l v e d  s o l i d s  e q u iv a le n t  to  a u n i t  mass o f  TOC f o rhi
u s e  in  th e  o s m o t ic  p r e s s u r e  c o r r e l a t i o n
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2 .  P e r m e a t e  C o n d i t i o n s
2
a .  A v e r a g e  p e r m e a t e  f l u x  (gm /m  - h r )
3
b . P e r m e a t e  t o t a l  s o l i d s  c o n c e n t r a t i o n  (gm /m  w. m g / 1 )
3
c .  P e r m e a t e  TOC c o n c e n t r a t i o n  (gm /m  = m g / 1 )
d .  B a c k - p r e s s u r e  on  p e r m e a t e  ( a t m )
3 .  O t h e r
a .  P r e s s u r e  a t  t u b e  o u t l e t  ( a t m )
T h e  r e q u i r e d  t e s t  d a t a  i s  s u m m a r iz e d  i n  F i g u r e  2 . 5 .
I n  a d d i t i o n  t o  t h e  a b o v e ,  t e s t  d a t a  o n  t h e  c o n c e n t r a t e  w o u l d  b e  
u s e f u l  b u t  n o t  n e c e s s a r y .  T h e  d e s i r a b l e  d a t a  w o u l d  b e  t h e  f o l l o w i n g :
3
a .  F l o w  r a t e  o f  c o n c e n t r a t e  (m / h r )
3
b .  C o n c e n t r a t e  t o t a l  s o l i d s  c o n c e n t r a t i o n  (gm /m  = m g / 1 )
3
c .  C o n c e n t r a t e  TOC c o n c e n t r a t i o n  (gm /m  = m g / 1 )
From t h e  f e e d  a n d  p e r m e a t e  d a t a ,  t h e  c o n c e n t r a t e  f l o w  r a t e  a n d  c o n c e n ­
t r a t i o n s  c a n  b e  c a l c u l a t e d  b y  m a t e r i a l  b a l a n c e s .  B u t  w h en  d a t a  i s  
a v a i l a b l e  on  t h e  c o n c e n t r a t e ,  a  m a t e r i a l  b a l a n c e  c a n  b e  u s e d  t o  a s c e r ­
t a i n  t h e  c o n s i s t e n c y  o f  t h e  d a t a .
A d d i t i o n a l  R e l a t i o n s h i p s
I n  a d d i t i o n  t o  t h e  o s m o t i c  p r e s s u r e  a n d  m a s s  t r a n s f e r  c o r r e l a t i o n s ,  
tw o  o t h e r  c o r r e l a t i o n s  c o u l d  b e  i n c l u d e d .
F i r s t ,  t h e  d e n s i t y  o f  t h e  f l u i d  c o u l d  b e  a  f u n c t i o n  o f  t h e  c o n c e n ­
t r a t i o n .  T h e  s i m p l e s t  d e n s i t y - c o n c e n t r a t i o n  r e l a t i o n s h i p  i s  a  l i n e a r  
e q u a t i o n  o f  t h e  f o l l o w i n g  fo r m :
P =
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C o n c en tra te
Feed 
1 .
2 .
3.
4.
Flow  
C o n c en tra t io n
a .  T o ta l  s o l i d s
b .  TOC 
P r e ss u r e  
Temperature
UF Module 
(one module o n ly )
Perm eate
1. Flow
2 .  C o n c e n tr a t io n
a. D i s s o l v e d  S o l i d s
b .  TOC
3 .  P r e ss u r e
F ig u r e  2 . 5  
D ata Requirements f o r  Parameter F i t
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where: p = f l u i d  d e n s i t y
= d e n s i t y  o f  component i  
x^ = mass f r a c t i o n  o f  component i  
In t h i s  c a s e ,  mass f r a c t i o n s  in s t e a d  o f  m ole f r a c t i o n s  a r e  used b e ca u se  
th e  m o le c u la r  w e ig h t  o f  th e  contam inant i s  n o t  known. A tem perature  
dependence co u ld  a l s o  be in c lu d e d  by making the  P ^ 's  fu n c t io n s  o f  
tem perature .
S econd , th e  k in e m a t ic  v i s c o s i t y  co u ld  a l s o  be a f u n c t io n  o f  con cen ­
t r a t i o n  and tem p era tu re .  However, no r e l a t i o n s h i p s  o f  t h i s  k in d  have  
been found n e c e s s a r y .
SUMMARY
T h is  c h a p ter  p r e s e n te d  th e  developm ent o f  th e  u l t r a f i l t r a t i o n  
module m odel.  The m odel e q u a t io n s  f o r  t h i s  u n i t  were w r i t t e n  and th e  
s o l u t i o n  te c h n iq u e  employed was d e s c r ib e d .
The method o f  e v a l u a t i n g  th e  model p aram eters  from a v a i l a b l e  
ex p e r im e n ta l  data  was p r e s e n te d .
CHAPTER III
THE REVERSE OSMOSIS SYSTEM MODEL
INTRODUCTION
In t h i s  c h a p te r ,  th e  developm ent o f  th e  r e v e r s e  osm osis  module
model from b a s i c  m a t e r i a l  b a la n c e s  i s  p r e s e n t e d ,  th e  s o l u t i o n  method i s
o u t l i n e d ,  and an a n a l y s i s  o f  param eter e s t im a t io n  c o n s id e r a t i o n s  i s  
g iv e n .
L i s t i n g s  o f  th e  computer programs com p ris ing  th e  model a re  in c lu d ed  
in  the  r e p o r t ,  "A M ath em atica l Model o f  the  H ollow  F ib e r  R everse  Osmosis  
U nit f o r  Water Re-Use System s". Examples o f  program runs a lon g  w ith  th e  
r e s u l t s  o f  a param eter s e n s i t i v i t y  a n a l y s i s  s tu d y  a re  p r e s e n te d  in  th e  
same r e p o r t .  ( 6 )
DEVELOPMENT OF BASIC EQUATIONS AND METHODS USED
The model e q u a t io n s  d ev e lo p e d  c h a r a c t e r i z e  t h e  o p e r a t io n  o f  th e  
Dupont B-10 R everse  Osmosis S ep ara tor  as  i l l u s t r a t e d  in  F ig u r e  3 . 1 .
Contaminated w ater  e n t e r s  v i a  th e  h igh  p r e s s u r e  f e e d  tu b e .  F low ing  in
the r a d i a l  d i r e c t i o n ,  con tam inated  w ater  becomes p r o g r e s s i v e l y  more con­
c e n tr a te d  as  w ater  p r e f e r e n t i a l l y  p erm eates  through th e  membrane w a l l  
i n t o  th e  in n e r  bore o f  th e  f i b e r s  as i l l u s t r a t e d  in  F ig u r e  3 . 2 .  Concen­
t r a t e  i s  c o l l e c t e d  a t  th e  f lo w  s c r e e n  and moves a x i a l l y  towards th e  
c o n c e n tr a te  o u t l e t .  P u r i f i e d  w ater  c o l l e c t e d  i n s i d e  th e  f i b e r s  e x i t s  
th e  module as p erm eate .
U sing th e  same j u s t i f i c a t i o n  a s  in  th e  c a s e  o f  u l t r a f i l t r a t i o n ,  the  
dynamics o f  th e  r e v e r s e  o sm o sis  module are  assumed n e g l i g i b l e  in  compari­
son to  a s s o c ia t e d  equipm ent.
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CONCENTRATE
SNAP RING OUTLET POROUS BACK UP DISC
‘O' RING SEAL SNAP RING
FLOW SCREEN
FIBER
PERMEATE
END PLATE
FI8ER SHELL POROUS FEED 
DISTRIBUTOR TUBE
END PLATE
F ig u r e  3 - 1 .  Dupont B-10 R everse  Osmosis S ep ara tor
Concentrate  
(high pressure)
Permeate 
(low pressure)
Concentrate 
(high pressure)
F ig u re  3 .2
Permeation into  Inner Bore o f  Hollow Fibers
ro
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F orm ulation  o f  E qu ation s
To d ev e lo p  the a rea  a v a i l a b l e  fo r  th e  f l u x  o f  w a ter  and contam i­
n a n ts  in t o  th e  f i b e r  b o r e ,  l e t  be the number o f  p e r f e c t l y  s t r a i g h t ,  
e v e n ly  d i s t r i b u t e d  f i b e r s  p a r a l l e l  to  th e  a x i a l  d i r e c t i o n  per u n i t  of  
c r o s s  s e c t i o n a l  a r e a .  C o l l e c t i v e l y ,  t h e s e  i d e a l i z e d  f i b e r s  would have  
th e  same f l u x e s  o f  w ater  and contam inants  a s  th e  a c t u a l  f i b e r  
c o n f ig u r a t i o n .
Thus th e  area  a v a i l a b l e  f o r  f l u x  i s :
Num ber o f  f i b e r s  O u t s i d e  m o d u l e  c r o s s -
p e r  u n i t  a r e a  o f  s u r f a c e  a r e a  s e c t i o n a l  a r e aX Xc r o s s  s e c t i o n  o f  o f  one i d e a l  under
th e  module h o l lo w  f i b e r  c o n s id e r a t io n
F o r  t h e  s l i c e  o f  m o d u l e  b e t w e e n  r  a n d  r  +  A r ,  t h e  a r e a  a v a i l a b l e
f o r  f l u x  becomes:
(Nf )(irDFL) [ir(r + Ar) 2  -  ir (r )2 ]
w here: D i s  t h e  o u t s i d e  d iam eter  o f  th e  f i b e r  (m)F
L i s  th e  le n g t h  o f  th e  f i b e r s  (m)
D is s o lv e d  S o l id s
A s te a d y  s t a t e  m a t e r i a l  b a la n c e  on th e  d i s s o l v e d  s o l i d s ,  component 
'A1 , f o r  th e  d i f f e r e n t i a l  e lem en t in  F ig u r e  3 .3  y i e l d s :
Input r a t e  o f  A = Output r a t e  o f  A 
(2TrrL) V (r)  C ( r )  = 2ir(r +  Ar)LV(r + Ar) C (r  + Ar )
A  A
+ JA( r ) ( N f irDFL)[TT(r + Ar) 2  -  Trr 2 ] (1)
w here: V (r)  = r a d i a l  v e l o c i t y  o f  f l u i d  (m/hr)
3
C ( r )  = c o n c e n t r a t io n  o f  A (gm/m )
A
2
JA(r )  = f l u x  o f  A i n t o  in n e r  chann el o f  h o l lo w  f i b e r s  (gm/hr-m )
Ar
V(r + Ar) 
A(r  + Ar)
B(r  + Ar)
:^(r + Ar)
p(r  + Ar)
F ig u r e  3 . 3 .  D i f f e r e n t i a l  e lem ent  used t o  d e r i v e  
m ater ia l  ba lan ce  e q u a t io n s .
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TOC (T o t a l  O rganic Carbon)
A s t e a d y  s t a t e  m a t e r ia l  b a la n c e  on th e  TOC, component 'C ' ,  f o r  th e  
d i f f e r e n t i a l  e lem en t in  F ig u r e  3 .3  y i e l d s :
Input r a t e  o f  C = Output r a t e  o f  C 
(27rrL)V(r)Cc ( r )  = 2Tr(r + Ar)LV(r + Ar)Cc ( r  + Ar)
+ J c ( r )  (Nf irDFL) [iT(r +  Ar) 2  -  irr2 ] (2 )
3
w here: C (r )  = TOC c o n c e n tr a t io n  (gm/m )
2
J ( r )  = f l u x  o f  C in t o  in n e r  c h a n n e l o f  h o l lo w  f i b e r s  (gm/hr-m ) L
T o t a l  M a te r ia l  B a lan ce
S i m i l a r l y ,  a s t e a d y  s t a t e  t o t a l  m a t e r i a l  b a la n c e  on the  d i f f e r e n ­
t i a l  e lem en t  in  F ig u r e  3 .3  y i e l d s :
Input r a t e  = Output r a t e  
(2 irrL )V (r)p (r)  = [2Tr(r +  A r)L]V(r +  A r)p (r  + Ar)
+  [JA( r )  +  J g ( t )  + J c ( r ) ]  (Nf TTDFL) [-rr(r + Ar) 2  -  irr2 ] (3 )
3
w here: p ( r )  = t o t a l  mass d e n s i t y  (gm/m )
J „ ( r )  = f l u x  o f  w a te r ,  component B , in t o  th e  f i b e r  bore  £>
2(gm/m -h r )
In a d d i t i o n ,  a s t e a d y  s t a t e  m a t e r i a l  b a la n c e  on component 'B' can 
be w r i t t e n  to  o b ta in  an e q u a t io n  a n a lo g o u s  to  eq u a t io n  ( 1 ) .  However, 
t h i s  eq u a t io n  is .  n o t  n e c e s s a r y  a s  i t  becomes a dependent eq u a t io n  when 
e q u a t io n s  ( 1 ) ,  ( 2 ) ,  and (3 )  a r e  used in  th e  m odel.
A n a l y t i c a l  E q u ation s
E q u ation s  ( 1 ) ,  ( 2 ) ,  and (3) a re  r e a d i l y  co n v e r te d  to  d i f f e r e n t i a l  
e q u a t io n s  by ta k in g  th e  l i m i t  a s  Ar approaches z e r o .  For e q u a t io n  ( 1 ) ,  
th e  r e s u l t  i s :
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^  [rV (r)C A( r ) ]  = -Nf TTDFrJA(r )  (4 )
Equation  (3 )  becomes:
^  [rV (r )C c (r>] = -Nf 1rDFrJc (r )  (5)
E qu ation  (4 )  becomes:
^  [ r V ( r ) p ( r ) ]  = -Nf TrDpr [ J A(r )  + J g ( r )  + J c ( r ) ]  ( 6 )
The boundary c o n d i t io n s  a r e  a s  f o l l o w s :
V (R .) = F / ( 2 ttR.L) x o x
W  *  CAo
CC<Ei> -  CCo
3
w here: F = Feed r a t e  to  m odule , m /h ro ’
3
CAq = I n l e t  c o n c e n tr a t io n  o f  A, gm/m
3
= I n l e t  TOC c o n c e n t r a t io n ,  gm/m
R  ^ = R adius o f  f e e d  d i s t r i b u t i o n  tube
F lu x e s  a t  th e  Boundary Layer
To o b ta in  th e  f l u x e s  J , J , and J , a s ta g n a n t  boundary la y e r  i s
A  d C
im agined  to  e x i s t  n ear  th e  o u te r  s u r f a c e  o f  th e  h o l lo w  f i b e r s  as shown 
in  F ig u r e  3 . 4 .  The f o l l o w i n g  f l u x e s  in t o  and ou t  o f  th e  boundary la y e r  
a r e  d e f in e d :
J A * B(CA2 -  CA3> (7>
J 0  =  y ( A P  -  A i t )  ( 8 )
J C = C<CC2 -  CC3> C9)
J DA ’  kA(CA2 -  CA1> ( 1 °>
J DB = kB<CB l '  °B2^ ^U )
J DC " kC<CC2 -  W  (1 2 )
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Bulk Fluid
Boundary Layer
Fiber Membrane 
Permeate
]DA F J DB JDC
J JJ
CA1 ,CB1’CC1
CA2’CB2,CC2
f  f  C A3 B3, C3
F i g u r e  3 . 4 .  Fluxes in to  and out o f  boundary layer
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where: J = d i f f u s i o n a l  f l u x  o f  contam inant ou t  o f  the  boundary l a y e r ,
gm/m2 -h r
2Jpg = d i f f u s i o n a l  f l u x  o f  w ater  in t o  th e  boundary l a y e r ,  gm/m-hr
2
J = d i f f u s i o n a l  f l u x  o f  TOC out o f  th e  boundary l a y e r ,  gm/m-hr uu
3
C ^ = c o n c e n tr a t io n  o f  A in  b u lk  f l u i d ,  gm/m
3
C^ 2  = c o n c e n tr a t io n  o f  A in  boundary l a y e r ,  gm/m
3
C  ^ = c o n c e n t r a t io n  o f  A in  p erm eate , gm/m
3
C , = c o n c e n t r a t io n  o f  B in  bu lk  f l u i d ,  gm/m 
d L
3
Cg2  = c o n c e n tr a t io n  o f  B in  boundary l a y e r ,  gm/m
3
Cgg = c o n c e n t r a t io n  o f  B in  p erm eate ,  gm/m
3
= c o n c e n tr a t io n  o f  C in  b u lk  f l u i d ,  gm/m
3
C^ 2  = c o n c e n t r a t io n  o f  C in  boundary l a y e r ,  gm/m
3
= c o n c e n t r a t io n  o f  C in  p erm eate ,  gm/m
2
y = p e r m e a b i l i t y  c o e f f i c i e n t  f o r  pure w a te r ,  gm/m -h r-a tm
B = p e r m e a b i l i t y  c o e f f i c i e n t  f o r  d i s s o l v e d  s o l i d s ,  m/hr
C = p e r m e a b i l i t y  c o e f f i c i e n t  f o r  TOC, m/hr
AP = p r e s s u r e  drop a c r o s s  membrane, atm
Air = o s m o t ic  p r e s s u r e  d i f f e r e n c e  a c r o s s  membrane = -  ^3 , atm
•n^  = o sm o t ic  p r e s s u r e  a t  boundary l a y e r ,  atm
= o s m o t ic  p r e s s u r e  o f  p erm eate ,  atm
k ^ ,k g ,k ^  = mass t r a n s f e r  c o e f f i c i e n t s  f o r  s o l i d s ,  w a te r ,  and TOC, 
r e s p e c t i v e l y ,  m/hr 
The o sm o t ic  p r e s s u r e  i s  r e l a t e d  to  th e  c o n c e n tr a t io n  o f  contam i­
n a n t s ,  C , and th e  a b s o lu t e  tem p era tu re ,  T, by th e  e m p ir ic a l  r e l a t i o n s h i p  
E
n  = f (C E,T) = «TCe (1 +  BCE ) 2  [ r e f .  ( 3 ) ]  (13)
3
where: a = c o e f f i c i e n t ,  atm-m /gm-°K
3
3  = c o e f f i c i e n t ,  m /gm
T = a b s o lu t e  tem p era tu re ,  deg K elv in
3
C„ = e f f e c t i v e  contam inant c o n c e n tr a t io n  = C. + k C gm/mEl A B C
kg = c o e f f i c i e n t  e x p r e s s in g  the  c o n c e n tr a t io n  o f  A e q u iv a le n t
to  a u n i t  c o n c e n tr a t io n  o f  C f o r  p urposes  o f  o sm o tic
p r e s s u r e ,  d im e n s io n le s s
To o b ta in  Air = -  tt^ ,  i t  i s  n e c e s s a r y  to  e v a lu a t e  u s in g  C  ^ and C ^
tt3  u s in g  CA 3  and Cc 3 .
The f l u x  Jp due to  th e  b u lk  f lo w  toward th e  boundary la y e r  can be
o b ta in e d  by w r i t in g  a t o t a l  m a t e r i a l  b a la n ce  around th e  boundary la y e r :
J = J +  J + J + J  -  J + J (1 4 )F A B C DA DB DC '
In a d d i t i o n ,  component b a la n c e s  f o r  component A and f o r  component C can
be w r i t t e n :
JF*A1 -  JA +  J DA (1 5 )
V C I  " J C +  JDC (1 6 )
where = mass f r a c t i o n s  o f  d i s s o l v e d  s o l i d s  and TOC in  th e  bu lk
s trea m , r e s p e c t i v e l y .
A component b a la n ce  can a l s o  be w r i t t e n  f o r  component B, b u t  i t  w i l l
n o t  be an independent e q u a t io n .
In a d d i t i o n ,  th e  mass f r a c t i o n s  X,„ and X^ ,„ are  r e l a t e d  to  J . ,  J _ ,A3 C3 A B
and J a s  f o l l o w s :
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The com p lete  s e t  o f  e q u a t io n s  d e s c r ib in g  th e  f l u x e s  a t  th e  boundary  
la y e r  i s  reproduced in  T a b le  3 - 1 .
E f f e c t  o f  Flow V e l o c i t y  on Mass T r a n s fe r  C o e f f i c i e n t s
H a r r io t t  and H am ilton (2) g i v e  th e  f o l lo w in g  r e l a t i o n s h i p  f o r  
tu b u lar  u l t r a f i l t r a t i o n  m odules:
N = 0 .0096N  ° * 913N ° ' 3 4 6  (1 9 )Sh Re Sc
where: N„, = ^  = Sherwood numberSh Dx
DVN = —  = R eynolds number Re v
N = = Schmidt numberSc Dx
where: k = mass t r a n s f e r  c o e f f i c i e n t ,  m/hr
2
v = k in e m a t ic  v i s c o s i t y ,  m /h r
2
Dx = d i f f u s i v i t y ,  ra /h r
D = c h a r a c t e r i s t i c  l e n g t h ,  m
V = v e l o c i t y ,  m/hr
A s i m i l a r  m o d if ie d  r e l a t i o n s h i p  i s  p o s tu la t e d  to  e x i s t  f o r  R0 m odules .
F i r s t ,  th e  R eynolds number must be computed f o r  f lo w  a c r o s s  a tube  
bank in s t e a d  o f  f o r  f lo w  i n s i d e  a tu b e .  For h e a t  exchanger b u n d le s ,  
th e  R eynolds number i s  norm ally  computed a s  f o l l o w s  ( 7 ) :
D W
\ e  " W  < * »m
where: W = mass f lo w  r a t e ,  gm/hr
D = o u t s i d e  d ia m eter  o f  tu b e s ,  mo
y = v i s c o s i t y ,  gm/m-hr
2S = area  a v a i l a b l e  f o r  f lo w ,  m m
Table 3-1. Nonlinear Equations for Fluxes at Boundary Layer
Transport  Equations Osmotic P ressu re  R e l a t i o n s h i p s
J A " B ^CA 2  “ CA3^ ATT' = TTg -  TT0
J B = y ( A P  -  Att) 7T ^  = a T C ^ l  + ^CE2 )
J C = C ^CC 2  '  CC3^
tt3  = a T C E 3 ( l  + B C E 3 )
J DA = kA ( C A 2  '  CA1^ CE 2  = CA 2  +  k ECC2
J DB = k B ^ CB l  " V CE 3  = CA 3  +  k ECC3
J DC = k C ^ CC 2  " CC1^
M ater ia l  Balances  a t  Boundary Layer
0 '  °A + J B + J C + JDA - °DB + JDC
V a I = °A + J DA
J FXC1 '  J C + JDC
Mass F r a c t io n /D e n s i t y /C o n c e n t r a t io n  R e la t io n s h ip s
A3 JA + J B + J C
iiCMCO
X
1 - XA2 " XC2 XB3 1 " XA3
1 X o CO
p2 = PAXA2 + PBXB2 + PCXC2 p3 = PAXA3 + PBXB3
CA2 = P2XA2
r = 
A3 P3XA3
CB2 = P2XB2
r  = 
B3 P3XB3
CC2 = P2XC2 O o CO
II
P3XC3
C C3
JA + JB + JC
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I n  d e t e r m i n i n g  Sm> t h e  s p a c e  o c c u p i e d  b y  t h e  t u b e s  m u s t  b e  a c c o u n t e d  
f o r .
For t h e  RO m odule , th e  t o t a l  a rea  o f  ra d iu s  r would be 2irrL, from  
which th e  area  taken  up by th e  f i b e r s  must be s u b tr a c te d .  Assuming a 
uniform  f i b e r  d e n s i t y ,  th e  f i b e r s  would occupy some f r a c t i o n ,  say  f „ ,
r
o f  th e  t o t a l  a r e a .  Thus, th e  n e t  a r e a  f o r  f lo w  would be 2 ir r L ( l- f  ) .
F
The R eynolds number becomes
DoW DoV
NRe ~ p ( 2 i T r L ( l - f F ) )  v ( l - f p )
Of c o u r s e ,  w ith  t h e s e  c o n s i d e r a t i o n s ,  one would n o t  e x p e c t  th e  exponent  
o f  0 .9 1 3  f o r  th e  R eynolds number nor th e  c o e f f i c i e n t  0 .0 0 9 6  to  be v a l i d  
fo r  RO. Thus, th e  f o l l o w i n g  r e l a t i o n s h i p  w i l l  be used:  
kD D V e .  e„
5 ^  -  c i  (V o 5 f 3 - ) < r >  <22>x ' F x
where c ^ ,  e^ and e ^  must be e v a lu a te d  from e x p e r im e n ta l  d a ta .
To u s e  E quation  (22 )  d i r e c t l y ,  f i v e  param eters  would have to  be 
e v a lu a te d  from t e s t  d a ta :
Cl*  e l '  V DX a n d  f F
As p r e s e n t l y  b e in g  c o l l e c t e d ,  th e  RO t e s t  d ata  d oes  n o t  perm it D , f  ,
X  r
c^ and e ^  to  be e v a lu a te d  in d e p e n d e n t ly ,  s i n c e  th e  eq u a t io n  can be 
w r i t t e n  a s  f o l l o w s :
D 1 - 6 2  e
k -  <— ---------'"Re* 6 1  = (2 3 >
Do ( 1 - £F>
D V
where N ' =-------Re v
The same v a l u e s  f o r  th e  exp on ent e^ w i l l  be used  f o r  both  components,
but d i f f e r e n t  v a lu e s  w i l l  be used  fo r  C^.
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A pproxim ations in  th e  F lux  E q uations
In th e  r e v e r s e  osm osis  u n i t ,  th e  c o n c e n t r a t io n s  o f  d i s s o l v e d  s o l i d s  
and TOC w i l l  be r e l a t i v e l y  s m a l l .  Furtherm ore, th e  RO membrane w i l l  
tend to  r e j e c t  t h e s e  com ponents. For t h e s e  r e a s o n s ,  th e  f o l l o w in g  
assu m ption s  w i l l  be made:
1 .  The membrane p e r m e a b i l i t y  f l u x e s  and a r e  s m a l l  compared 
t o  J B .
2 . The d i f f u s i o n a l  f l u x e s  J . , J _ „ , and J ' a r e  s m a ll  compared toDA DB DC r
3 . The d e n s i t y  i s  th a t  o f  w a te r ,  namely pn .D
T ab le  3 -2  p r e s e n t s  th e  e q u a t io n s  from 3 -1  w ith  t h e s e  ap p rox im ation s  
in c l u d e d .
S o lu t io n  Method
The s o l u t i o n  method b a s i c a l l y  c o n s i s t s  o f  n u m e r ic a l ly  in t e g r a t i n g  
th e  d i f f e r e n t i a l  e q u a t io n s  ( 4 ) ,  ( 5 ) ,  and ( 6 ) r e s u l t i n g  from the  t o t a l  
and component m a t e r i a l  b a la n c e s .  However, t h i s  i s  somewhat co m p lica ted  
by th e  f a c t  th a t  t h e  f l u x e s  must be determ ined  a t  each  in crem ent by 
s o l v i n g  the  s e t  o f  n o n l in e a r  e q u a t io n s  summarized in  T ab le  3 - 2 .
D i f f e r e n c e  E q u ation s
The n u m er ica l  s o l u t i o n  o f  th e  d i f f e r e n t i a l  e q u a t io n s  i s  e f f e c t e d  
by d i s c r e t i z i n g  in  th e  r - d i r e c t i o n  u s in g  an increm en t Ar. T h e r e fo r e ,  
l e t
r  = R . +  i A r  
i  l
The d i s c r e t e  v e r s i o n s  o f  e q u a t io n s  ( 4 ) ,  ( 5 ) ,  and ( 6 ) a r e  th e  f o l lo w in g  
d i f f e r e n c e  fo r m u la t io n s  ( c o n s t a n t  d e n s i t y  i s  assum ed).
Table 3-2. Simplified Equations for Fluxes at the Boundary Layer
Transport  Equations Osmotic P ressu re  R e la t io n s h ip s
JA ’  B(CA2 ''  CA3^
Att = tt2  ■
”  ^3
J B = y(AP - Ait) tt2  =
aTCjE2( i  + e c E2) 2
JC
= C(CC2 ■
'  CC3^ ^3 = aTC|E3( l  + BCE3) 2
J DA = kA(CA2 "  CA1^ CE2 = CA2 + k£Cc2
°DB = V CB1 '  CB2^ CE3 = CA3 + kECC3
°DC kC^CC2 "  CC1^
Mass F r a c t i o n /D e n s i t y /C o n c e n t r a t io n  R e la t io n s h ip s
XB2 = 1 XA2 " XC2 XB3 = 1 XA3 ~ XC3
CA2 = pXA2 CA3 = pXA3
CB2 = pXB2 CB3 ~ pXB3
CC2 = pXC2 CC3 = pXC3
P =  PB
M ater ia l  Balance  a t  Boundary Layer
J F = J B 
J F*A1 '  JA + J DA 
°F XC1 “ JC T J DC
X A
J B
JC
XC 3 = ^
45
riV(ri)CA(ri) " ri-lV(ri-l)CA<ri-l> - V V i V ' w ’ 11 (24)
riV(ri)CC(rl) ’ ri-lV<ri-l)CC(ri-l> - N£’lDFriJC<ri- l)Ar (25)
p r .V C r^  = -Nf TrDFr i [JA( r i _ 1 ) + j B( r 1 _ 1 )+ Jc ( r i _1 )]A r (26)
A s i m i l a r  s e t  o f  e q u a t io n s  i s  o b ta in e d  by s im p ly  r e - w r i t i n g  equa­
t i o n s  ( 1 ) ,  ( 2 ) ,  and (3 )  d e r iv e d  from th e  d i f f e r e n t i a l  e le m e n ts  ( l e t
r . = r + Ar and r . = r ) :
l  l - l
2 l 'r 1 LV(r1 )CA( r . )  = 2 F r ._ 1 LY(ri _ 1 )CA( r 1_1)
-  V ri - i )Nf ’rDFL[lrri 2 -  ’ v / ]  <27>
2Fr i L V (r.)C c ( r . )  -  2irr1 _1 LV(r1 _ 1 )CA( r 1_ 1)
-  Jc ( r . _ 1 )N£jrDFL ] F r . 2 -  i r r . ^ 2 ] ( 2 8 )  
2 Trri LpV(ri ) = 2 Trri _ 1 LpV(ri _ 1)
-  [ J A ( r i - l ) + J B ( r i - l ) + J C ( r i - l ) ] ¥ DF L [T C i - r TCi - l ] ( 2 9 )
2  2U sing  th e  app rox im ation  trr^ -  irr^  ^ = 2irr^Ar, e q u a t io n s  ( 2 7 ) ,  ( 2 8 ) ,
and (29) would red u ce  to  e q u a t io n s  (24"> , ( 2 5 ) ,  and ( 2 6 ) .  However, 
e q u a t io n s  (27) , ( 2 8 ) ,  and (29) w i l l  be used  to  g e n e r a te  th e  n u m erica l  
s o l u t i o n .
The boundary c o n d i t io n s  a r e :
V(Ri ) = F / ( 2 ttR±L)
CA(V  “ CAo
W  ‘ CCo
F ig u r e  3 .5  i l l u s t r a t e s  th e  procedu re  fo l lo w e d  fo r  each  v a lu e  o f  i  
from 1 to  N, where N = (Rq -  R^)/Ar i s  th e  number o f  in crem en ts  r e q u ir e d .  
(Rq i s  th e  o u te r  r a d iu s  o f  th e  f i b e r  b u n d le .)
Known va lues  o f  
V i - l ^  CC( r i - l ) ’ V(r i - 1 )
j k L
Evaluate f l u x e s  J^, Jg> using  
Cn( r .  n) ,  C„(r.  , ) ,  V ( r . . )1=1
C alcu la te  V(r^) from equat ion 30
C a lcu la te  ^ ( r ^ )  and Cc ( r ^ ) from 
equat ions  28 and 29, r e s p e c t i v e l y
Cut s te p  
s i z e  in 
h a l f
Double
s tep
s i z e
Yes
Yes
! ( V ( r i ) - V ( r 1_1) V V ( r . . 1 ) |  > T o lmax
or
i(C A(>'1 ) - CA('-i . j ) > CA( r i - l ) l > T o 1
I ( C p ( r . ) -Cc ( r  , ) ] I / C J V j j ) | > T o i
max
No
and mm
I ( CA^r i )"CA^r i - l  ^ /CA^r i - l  ^'<To1and
|(Cc ( r . ) “c c ( r i _1 ) ) / c c ( r i _1 ) |<Tol
mm
mm
No
■4''
i = i + 1
F i g u r e  3 . 5  
Numerical In te g r a t io n  Procedure
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Algebraic Equations for Fluxes
B lock  1 o f  th e  p ro ced u re  in  F ig u r e  3 .5  r e q u ir e s  th e  com putation  o f
J , J , and J a t  r .  u s in g  th e  v a lu e s  o f  V (r . ) ,  C ( r .  ) ,  and
A  B C i  x - i  A  x —i
C ( r .  ..) th a t  a r e  p r e s e n t ly  a v a i la b le .  T h is  r e q u ir e s  th e  s o lu t io n  o f
v  1 “* 1
th e  s e t  o f  e q u a t io n s  in  T ab le 3 -2 .  As i l l u s t r a t e d  in  F ig u r e  3 .6 ,  t h i s  
e n t a i l s  two n e s te d  i t e r a t i o n  lo o p s .
For b o th  lo o p s ,  th e  in t e r v a l  h a lv in g  method i s  u se d . V ariou s b a ck -  
s u b s t i t u t io n  m ethods w ere t r i e d ,  but w ith o u t s u c c e s s .  (S ee  A ppendix A 
o f  r e f e r e n c e  ( 6 ) ) .  The e q u a t io n s  proved  to  be h ig h ly  n o n l in e a r ,  and 
w ith  v a r y in g  d e g r e e s  o f  s e n s i t i v i t y .  C o n seq u en tly , th e  r e l i a b i l i t y  o f  
th e  i n t e r v a l  h a lv in g  m ethod had to  ta k e  p reced en ce  o ver  co m p u ta tio n a l 
e f f i c i e n c y .
For th e  f i r s t  o r  o u te r  i t e r a t i o n  lo o p , a v a lu e  o f  C m ust be e s t i -  
m ated . I t  i s  known th a t  C — ^ 2  — P ’ p erm its  in t e r v a l  h a lv in g
to  be u t i l i z e d .
However, knowing th e  v a lu e  o f  C ^  o n ly  p erm its  J to  be c a lc u la te d ,
To p roceed  f u r t h e r ,  a v a lu e  i s  assumed fo r  C , w hich  m ust be in  th e
AJ
in t e r v a l  0 < C ,„ < C . . .  T h is p erm its  J„ to  be r e a d i ly  c a lc u la t e d  as  — A3 — A1 B
fo l lo w s :
j b = V  o o )
A3
by com bining th e  fo l lo w in g  th r e e  e q u a tio n s :
XA3 ■ V J B
CA3 = pXA3
and JA kA(CA2 “ CA3) '
The key to  th e  p roced u re
from V The eq u a tio n
JC2 C3
S t a r t
Use in t er v a l  halv ing to  s o lv e  
f o r  CA2, where C „  < Cft2 < p
C a lc u la te  JDA
Compute 
JA’ JC
T
Exit
Use in t e r v a l  halv ing to  s o lv e  
f o r  CA3> where 0 < CA3 < Cftl
Compute Jg ,  Cgg, C ^ ,  tt^ , tt3 and
J * as o u t l in e d  in s e c t i o n  1 . 4 . 2  
B
   -------
- -  «   -
Adjust  Cfl0 so th a tMo
Evaluate  CA2* as o u t l in e d  in  ^
s e c t i o n  1 . 4 . 2
Adjust CA2 so th a t
r = f  *
A2 A2
F ig u r e  3 .7  
Computation o f  the  Fluxes
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JBXC1 -  Jc + J DC 
can be w r it t e n  a s
J BXC1 ’  C(CC2 '  CC3> +  kC(CC2 -  CC1> <31)
F urtherm ore, th e  e q u a tio n
XC3 JB
can be w r it t e n  as
^ 3  = C (°C2 -  CC3\ (3 2 )
p J B
w hich  can be so lv e d  fo r  C :
C *CC2-  -  (33)C3 Jfi/p + C
The e x p r e s s io n  fo r  can be s u b s t i t u t e d  in t o  eq u a tio n  (31)
to  o b ta in
C'CC2
V c i  = C(CC2 -  + kC(CC2 -  CC1 > (34)
r _ JBXC1 + kC°Cl . „
° r C 2 --------------- T 7 i ------------ (35)
kc + c <j ^ T T c )D
Now th a t  C^ 2  i s  known, can be computed u s in g  e q u a tio n  ( 3 3 ) .
Now th a t  v a lu e s  are  a v a i la b le  f o r  ^A3’ anC* ^C3’ t *ie
o sm o tic  p r e s s u r e s  and can be com puted, and then  J^* can be e v a lu ­
a ted  u s in g
ATT = U2 “  TT ^  
a n d  J f i* = (AP -  A ir ) .
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I f  th e  v a lu e s  o f  and J * do n o t  a g r e e , th e  v a lu e  o f  CA_ must beB B A3
changed . U sing th e  in t e r v a l  h a lv in g  te c h n iq u e , th e  in t e r v a l  o f  u n cer­
t a in t y  f o r  i s  reduced  and th e  com p u tation s r e p e a te d .
Once a v a lu e  o f  C 0  i s  o b ta in ed  th a t  g iv e s  th e  same v a lu e  fo r  J„A-5 b
and th e  a ssu m p tion  fo r  C  ^ m ust be ch eck ed . S in c e  v a lu e s  are
a v a i la b le  fo r  J , J , and J „ . ,  we can compute C * as fo l lo w s :B A DA Az
J BXA1 = kACCA2* -  CA1> + B(CA2* -  CA3>
r e w r it te n  as
„ .  JBXA1 + kACA l »  BCA3
A2 k A + BA
I f  i s  n o t  e q u a l to  > a new v a lu e  fo r  m ust be assum ed. The
in t e r v a l  h a lv in g  l o g i c  p erm its  th e  in t e r v a l  o f  u n c e r ta in ty  fo r  C „ toiiu
be reduced  and th e  c a l c u la t io n s  r e p e a te d .
U sin g  t h i s  p ro c e d u r e , th e  n o n lin e a r  f lu x  e q u a tio n s  a r e  s o lv e d  fo r  
each  in t e g r a t io n  s t e p .
The s o lu t io n  m ethod f lo w  ch a rted  in  F ig u r e  3 .5  was chosen  to  in s u r e  
n u m er ica l a ccu racy  and to  red u ce  th e  co m p u ta tio n a l e f f o r t  r e q u ir e d  when­
e v e r  p o s s i b l e .  For v a lu e s  o f  r  n ea r  R^, th e  r a d ia l  v e l o c i t y  g r a d ie n t
i s  s t e e p ,  and a sm a ll s t e p  s i z e  i s  r e q u ir e d . At v a lu e s  o f  r n ea r  R ,o
th e  m agn itude o f  th e  r a d ia l  v e l o c i t y  g r a d ie n t  i s  much s m a lle r ,  and a 
la r g e r  s t e p  s i z e  may be u sed . (S e e  F ig u r e  3 . 7 ) .
An added ad van tage  o f  t h i s  s o lu t io n  method i s  th a t  even  i f  th e  s t e p  
s i z e  m ust be red u c e d , th e  s o lu t io n  to  th e  f lu x  e q u a t io n s  -  w hich  
r e q u ir e s  th e  m ajor p o r t io n  o f  t o t a l  com p u tation  tim e -  i s  n o t recom puted.
r-R , r=R,
F ig u r e  3 .7  
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PARAMETER ESTIMATION CONSIDERATIONS
V alu es o f  s e v e r a l  key v a r ia b le s ,  such  as mass t r a n s fe r  c o e f f i c i e n t s  
and o sm o tic  p r e s s u r e  c o r r e la t io n  c o e f f i c i e n t s ,  m ust be determ ined  fo r  
u se  w ith in  th e  m odel.
To e s t im a te  th e s e  v a lu e s ,  th e  P a tte r n  Search  s t r a t e g y  d is c u s se d  in  
r e fe r e n c e  ( 8  ) ,  i s  a g a in  u sed  to  m in im ize  a c o s t  fu n c t io n  w hich p e n a l­
i z e s  f o r  model d e v ia t io n s  from ex p er im en ta l r e s u l t s .
C ost F u n ctio n
The c o s t  fu n c t io n  u sed  in  t h i s  s tu d y  i s  th e  sum o f w e ig h ted  r e l a ­
t i v e  squared d i f f e r e n c e s  betw een th e  m odel and e x p er im en ta l d a ta . The 
f o l lo w in g  item s a re  compared in  th e  e v a lu a t io n :
1 . Perm eate f lo w  r a te
2 .  Perm eate s o l i d s  c o n c e n tr a t io n
3 . C o n c en tra tio n  o f  t o t a l  o r g a n ic  carbon in  th e  perm eate
The a lg e b r a ic  fo rm u la tio n  o f  th e  c o s t  fu n c t io n  i s  g iv e n  below :
C O ST- S z . [W . (Fe , i  ~ ^ , 1 )2  + „  ( ° A e , i  ~ CA m , y
. , x F i F D i C.x = l e , i  A e , i
+  wT . — % ± L ) 2 ]
C e ,i
w here: COST = c o s t  fu n c t io n  to  be m in im ized
i  = d a ta  p o in t  i d e n t i f i e r
n = number o f d a ta  p o in t s
z^ = w e ig h t in g  f a c t o r  o f  p o in t  i  r e l a t i v e  to  o th e r  d a ta
p o in t s
W = w e ig h tin g  f a c t o r  fo r  perm eate f lo w  fo r  d a ta  p o in t  i
1? X
(0  < wF i  < 1)
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= w e ig h t in g  f a c t o r  fo r  d is s o lv e d  s o l i d s  c o n c e n tr a t io n  fo r  
d a ta  p o in t  i  (0  W  ^ 1)
W = w e ig h t in g  f a c t o r  f o r  TOC c o n c e n tr a t io n  f o r  d a ta  p o in t  i
( 0  < < 1 )
F . = e x p e r im e n ta l v a lu e  o f  perm eate f lu x  fo r  d a ta  p o in t  i
e , x
F . = perm eate f lo w  p r e d ic te d  by m odel fo r  d a ta  p o in t  i
m, l
C = e x p e r im e n ta l p erm eate d is s o lv e d  s o l i d s  c o n c e n tr a t io n
fo r  d a ta  p o in t  i
C . = e x p e r im e n ta l perm eate TOC c o n c e n tr a t io n  fo r  d a ta  p o in t  i
L 6  9 X
C„ , = p erm eate TOC c o n c e n tr a t io n  p r e d ic te d  by m odel fo r  d a ta  Cm ,i
p o in t  i
^Am i  = perm eate d is s o lv e d  s o l i d s  c o n c e n tr a t io n  p r e d ic te d  by 
m odel f o r  d a ta  p o in t  i  
In  a d d it io n  to  th e  req u irem en t th a t  th e  w e ig h tin g  f a c t o r s  anc*
W,^ m ust each  be l e s s  than 1 . 0 , th ey  sh o u ld  l o g i c a l l y  sum to  1 . 0  fo r  
ea ch  p o in t  i :
W„. + . + Wm. = 1 .0F i D i T i
P aram eters to  be E v a lu a ted
T ab le  3 .3  l i s t s  th e  p aram eters whose v a lu e s  have been  o b ta in e d  by
th e  param eter e s t im a t io n  p ro ced u re . The p aram eters N^, y ,  B, and C may
o n ly  be o b ta in ed  from th e  o p e r a t io n  o f  th e  RO m odule i t s e l f .
Of th e  rem ain in g  p a ra m eters , th r e e  o f  th e s e  (C , C , and e n) a r e
1 A  1 L  X
req u ired  fo r  th e  m ass t r a n s fe r  r e la t io n s h ip s  and th r e e  ( a ,  3 , and k )
E
a r e  r eq u ir ed  fo r  th e  o sm o tic  p r e s s u r e  r e la t io n s h ip .  I t  sh o u ld  b e p o s s i ­
b le  to  d e v e lo p  e x p e r im e n ta l p ro ced u res  to  e v a lu a te  th e s e  in d e p e n d e n tly  
o f  th e  RO m odule t e s t ,  but in  th e  a b sen ce  o f  th e s e  in d ep en d en t e x p e r i­
m en ts, th e s e  s i x  p aram eters a r e  a l s o  e v a lu a te d  from th e  RO t e s t  d a ta .
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Table 3-3. Reverse Osmosis Model Parameters
Number o f  id e a l  f i b e r s  per u n it  c r o s s - s e c t io n a l  a rea  o f  the  
f ib e r  bundle
Y P e r m e a b ility  c o e f f i c i e n t  fo r  pure w ater
B P e r m e a b ility  c o e f f i c i e n t  fo r  d is s o lv e d  s o l i d s
C P e r m e a b ility  c o e f f i c i e n t  f o r  TOC
e^ Exponent o f  R eyn o ld s number in  mass t r a n s f e r  c o r r e la t io n
a C o e f f i c i e n t  in  o sm o tic  p r e s s u r e  c o r r e la t io n
3 C o e f f ic i e n t  in  o sm o tic  p r e s su r e  c o r r e la t io n
k Mass o f  d is s o lv e d  s o l i d s  e q u iv a le n t  to  a u n it  m ass o f  TOC fo r£
u se  in  th e  o sm o tic  p r e s s u r e  c o r r e la t io n
C ,, C o e f f i c i e n t  in  mass t r a n s f e r  c o r r e la t io n  fo r  A1A
C o e f f ic i e n t  in  m ass t r a n s fe r  c o r r e la t io n  fo r  C
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D ata R equirem ents
The fo l lo w in g  d a ta  w i l l  be req u ir ed  to  p r o p e r ly  o b ta in  n u m erica l 
v a lu e s  fo r  th e  a d ju s ta b le  param eters w ith in  th e  f u l l  range o f ex p ec te d  
o p e r a t in g  c o n d it io n s  -  in c lu d in g  d a ta  f o r  pure w a te r .
A. S p e c i f i c s  o f  Module C o n fig u ra tio n  and Geometry
1 . Length o f  f ib e r  c o n ta in in g  s e c t io n  o f  m odule (m)
2 . Inner d ia m eter  o f  m odule (m)
3 .  Outer d ia m eter  o f  fe e d  d is t r ib u t io n  p ip e  (m)
4 .  Outer d ia m eter  o f  h o llo w  f i b e r s  (m)
B. O p eratin g  T e s t  Data
1 .  Feed c o n d it io n s
3
a .  I n l e t  v o lu m e tr ic  f lo w  r a te  (m /h r )
3
b. I n l e t  d is s o lv e d  s o l i d s  c o n c e n tr a t io n  (gm/m = m g/1)
3
c .  I n l e t  TOC c o n c e n tr a t io n  (gm/m = m g/1)
d. I n l e t  p r e s su r e  (atm )
e . T em perature (°K)
2 . P erm eate C o n d itio n s
3
a . F low  r a t e  o f  perm eate (m /h r )
3
b . P erm eate s o l i d s  c o n c e n tr a t io n  (gm/m = m g/1)
3
c . P erm eate TOC c o n c e n tr a t io n  (gm/m = m g/1)
d . B a ck -p ressu r e  on perm eate (atm )
The re q u ir e d  t e s t  d a ta  i s  summarized in  F ig u r e  3 .8 .
In a d d it io n  to  th e  ab ove, t e s t  d a ta  on th e  c o n c e n tr a te  w ould be 
u s e f u l  but n o t  n e c e s s a r y .  The d e s ir a b le  d a ta  w ould be th e  fo l lo w in g :
3
a . Flow r a t e  o f  c o n c e n tr a te  (m /h r )
3
b . C o n cen tra te  d i s s o lv e d  s o l i d s  c o n c e n tr a t io n  (gm/m = m g/1)
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»  C oncen trate
RO Module 
(one module o n ly )
Feed
1 . Flow
2 . C o n cen tra tio n
a . D is so lv e d  S o l id s
b . TOC
3. P r e ssu r e
4 . Tem perature
Perm eate
1 . Flow
2 . C o n c en tra tio n
a . D is so lv e d  S o l id s
b . TOC
3 . P r e ssu r e
F ig u r e  3 .8  
Data Requirements  f o r  Parameter F i t
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3
c .  C o n cen tra te  TOC c o n c e n tr a t io n  (gm/m = m g/1)
d . B a ck -p ressu r e  on c o n c e n tr a te  (atm )
From th e  fe e d  and perm eate d a ta , th e  c o n c e n tr a te  f lo w  r a te  and concen­
t r a t io n  can be c a lc u la t e d  by m a te r ia l  b a la n c e s .  But when d a ta  i s  a v a i l ­
a b le  on th e  c o n c e n tr a te ,  a m a te r ia l  b a la n c e  can be u sed  to  a s c e r t a in  
th e  c o n s is te n c y  o f  th e  d a ta .
In th e  ab sen ce  o f  b a c k -p r e ssu r e  d a ta  on th e  c o n c e n tr a te ,  i t  m ust 
be assumed th a t  th e  p r e ssu r e  drop from fe e d  to  c o n c e n tr a te  i s  s m a ll ,  
w hich seem s r e a so n a b le  a t  low  f lo w  r a t e s .  On th e  o th e r  hand, th e  in t e r ­
p r e ta t io n  o f  p r e s s u r e  drop d a ta  r a i s e s  th e  q u e s t io n  as to  w hich o f  th e  
fo l lo w in g  i s  th e  m ajor c o n tr ib u to r  to  th e  p r e s su r e  drop:
1 . Feed d i s t r ib u t io n
2 . Flow a c r o s s  th e  f ib e r s
3 . C o n cen tra te  o u t l e t  f lo w  sc r e e n
For b e s t  perform ance o f  th e  u n i t ,  any m ajor p r e s s u r e  drop i s  h o p e fu lly  
n o t caused  by th e  f i r s t  tw o.
A d d it io n a l R e la t io n s h ip s
In a d d it io n  to  th e  o sm o tic  p r e s su r e  and m ass tr a n s fe r  c o r r e la t io n s ,  
two o th e r  c o r r e la t io n s  cou ld  b e in c lu d e d .
F i r s t ,  th e  d e n s ity  o f  th e  f l u i d  co u ld  be a fu n c t io n  o f  th e  con cen ­
t r a t io n .  The s im p le s t  d e n s ity - c o n c e n tr a t io n  r e la t io n s h ip  i s  a l in e a r  
e q u a tio n  o f th e  fo l lo w in g  form:
p = £ p .x .
1 1
w here: p = f l u i d  d e n s i t y
p^ = d e n s ity  o f  component i
= m ass f r a c t io n  o f component i
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In t h i s  c a s e ,  m ass f r a c t io n s  in s te a d  o f  m ole f r a c t io n s  a r e  u sed  b eca u se  
th e  m o lec u la r  w e ig h t o f  th e  contam inant i s  n o t  known. A tem p eratu re  
dependence cou ld  a l s o  be in c lu d e d  by making th e  P ^ 's  fu n c t io n s  o f  
tem p era tu re .
Second , th e  k in e m a tic  v i s c o s i t y  cou ld  a l s o  be a fu n c t io n  o f  concen­
t r a t io n  and tem p era tu re . However, no r e la t io n s h ip s  o f  t h i s  k in d  have 
been found n e c e s s a r y .
SUMMARY
T h is  ch a p ter  p r e se n te d  th e  developm ent o f  th e  r e v e r s e  o sm o sis  
m odule m od el. The m odel e q u a tio n s  fo r  t h i s  u n it  w ere w r i t t e n  and d i s ­
c u s se d . The s o lu t io n  te c h n iq u e  em ployed to  s o lv e  th e s e  e q u a t io n s  was 
d e s c r ib e d . The m ethod o f  e v a lu a t in g  th e  m odel p aram eters from  a v a i la b le  
ex p er im en ta l d a ta  was p r e se n te d .
CHAPTER IV
THE OZONATION CONTACTING SYSTEM MODEL
INTRODUCTION
In  t h i s  c h a p te r , th e  developm ent o f  th e  o z o n a tio n  c o n ta c t in g  sy stem  
m odel from b a s ic  e q u a t io n s  i s  p r e s e n te d , th e  s o lu t io n  method i s  o u t l in e d  
and an a n a ly s i s  o f  param eter e s t im a t io n  c o n s id e r a t io n s  i s  g iv e n .
L is t in g s  o f  th e  com puter program s com p ris in g  th e  m odel are  in c lu d ed  
in  th e  r e p o r t ,  "A M ath em atica l Model o f  an O zonation  C o n ta ctin g  U n it fo r  
Water R e-U se S ystem s" . Exam ples o f  program runs a lo n g  w ith  th e  r e s u l t s  
o f  a param eter s e n s i t i v i t y  a n a ly s is  s tu d y  a r e  p r e se n te d  in  th e  same 
r e p o r t .  ( 8 )
DEVELOPMENT OF BASIC EQUATIONS AND METHODS USED
The ozone c o n ta c to r  ch osen  fo r  p o s t  R ev erse  O sm osis trea tm en t  
v a r ie s  s l i g h t l y  from  th e  d e s ig n  by A lfr e d  T o r r i c e l l i  (10 ) shown in  
F ig u r e  4 .1 .  The p u rp ose  o f  th e  c o n ta c to r  i s  to  o x id iz e  o r g a n ic  com­
pounds to  carbon d io x id e  u s in g  g a seo u s  o zo n e .
D uring norm al o p e r a t io n , con tam in ated  w a ter  e n te r s  th e  p r e ­
c o n ta c to r ,  f lo w s  s e q u e n t ia l ly  through  each o f  s i x  s t a g e s ,  and e x i t s  as  
p u r if ie d  w a te r . Ozone d is p e r s e d  in  a c a r r ie r  gas (u s u a l ly  a ir )  i s  
sp arged  through each  o f  th e  s t a g e s ,  c o l l e c t e d  a t  th e  head sp a ce  above 
each  s t a g e ,  and sp arged  through th e  p r e -c o n ta c to r .
T h is  f lo w  p ath  fo r  th e  g a s  r e s u l t s  in  a h ig h  u t i l i z a t i o n  o f o zo n e . 
T h is  i s  p a r t i c u la r ly  im p ortan t s in c e  th e  power req u irem en ts fo r  ozone  
g e n e r a t io n  are  u s u a l ly  h ig h .
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Vent Vent
P r o c e sse d
Water
W ater to   ^
Be _  
P ro c esse d
D if fu s e r  fo r  in j e c t i o n  
o f r e s id u a l  0 _
R e s id u a l 0 _ /C a r r ie r  gas
F ig u re  4 .1 .  T o r r i c e l l i  Ozone C on tactor  S chem atic
T urbulence produced by th e  b u b b les  o f  g a s  s w ir l in g  upward through  
th e  column o f  l iq u id  and th e  s i g n i f i c a n t  l iq u id  r e s id e n c e  tim e cau se  
th e  aqueous p hase o f  each s ta g e  to  approach th e  p e r f e c t ly  m ixed s t a t e .  
The b u bb les a r e  assum ed to  be o f  un iform  s i z e  and sh a p e , and each  i s  
c o n s id e r e d  to  m a in ta in  a u n iform  v e l o c i t y  through th e  c o n ta c to r .  T hese  
assu m p tion s have been  used  by o th e r s  ( 9 ) .
Mass T ra n sfer  o f  Ozone from Gas to  L iq u id  P hase
A s te a d y  s t a t e  m a te r ia l  b a la n c e  on ozone betw een  x and x  + Ax fo r  
th e  gas phase o f th e  c o n ta c to r  s t a g e  shown in  F ig u r e  4 .2  g iv e s :
Input = Output
G ( t ) Z ( x ,t )  = G (t)Z (x  + Ax , t )  +  (k^aXAAx) (Cz * ( x , t )  -  Cz ( t ) )  (1 )
2
= c r o s s  s e c t i o n a l  a r e a  o f  c y l in d e r ,  m 
= l i q u i d  p hase mass t r a n s fe r  c o e f f i c i e n t ,  m/hr
= i n t e r f a c i a l  a rea  o f  b u b b les  p er u n it  o f  l iq u id
2 3vo lu m e, m /m
= f lo w  r a te  o f  o z o n e - f r e e  g a s ,  Kgm -m oles/hr
3
= l i q u id  p h ase  c o n c e n tr a t io n  o f  o zo n e , Kgm-moles/m
C * ( x , t )  = l iq u id  p h ase  c o n c e n tr a t io n  o f  ozone in  e q u ilib r iu m
L a
3
w ith  Z ( x , t ) ,  Kgm-moles/m  
Z ( x , t )  = m o les  o zo n e /m o le  o z o n e - fr e e  g a s  
x = a x ia l  c o o r d in a te ,  m
t  = t im e , hr
A form o f H enry's Law, eq u a tio n  ( 2 ) ,  i s  u sed  to  r e l a t e  th e  e q u ilib r iu m  
l iq u id  and gas p h ase c o n c e n tr a t io n s  o f  o zo n e .
w here: A
a
G (t)
c z ( t )
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Head Space
Z( x+Ax, t ) f ^ (x+Ax, t )
Z ( x , t ) , C z ( x , t )
Sparger
S( t )
Z(H,t)=ZH(t)
cTi(t)
cz,(t)
x + Ax
x=0
From 0^ g e n e r a to r
G(t)
Z(0, t )  = z . ( t )
F ig u r e  4 .2
C o n ta cto r  S ta g e  
(UV Lamps N ot Shown)
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A
w here: y = e q u ilib r iu m  g a s  p hase m ole f r a c t io n  o f  ozone
3
x  = e q u ilib r iu m  l iq u id  p h ase  m ole f r a c t io n  o f  ozone  
3
Kjj = H en ry 's  Law c o n s ta n t
I t  i s  e a s i l y  shown th a t:
y = Z / ( l  + Z)
3
w here: y = any gas p h ase m ole f r a c t io n  o f  o zo n e .
3
Z = any g a s  p hase m ole f r a c t io n  o f ozone e x p ressed  a s  m oles  
o f  ozon e p er m ole o f  ozone f r e e  g a s .
A lso :
*  *  , . 
° z  ■ pl * 0 3 <4)
3
w here: p = m olar l i q u id  d e n s i t y ,  Kgm-moles/mLj
Combining e q u a tio n s  ( 2 ) ,  ( 3 ) ,  and (4 )  g iv e s :
C t * ^  -  ( 1  <5 >
S u b s t i t u t in g  t h i s  r e s u l t  in t o  th e  m a te r ia l  b a la n c e  e q u a tio n  (1 ) g iv e s :
G ( t ) Z ( x , t )  -  G (t)Z (x  + A x ,t )  = (kLa )(A A x )[3 | | | ^ y  ( ^ ) - C z ( t ) ]  ( 6 )
H
D iv id in g  by Ax and ta k in g  th e  l i m i t  a s  Ax g o e s  to  zero  p rod u ces:
G(t) .  - (kLa)A [(T f | .;^ t.) ) (^ )  -  cz ( t ) j  (7)
The boundary c o n d it io n s  are  a s  f o l lo w s :
Z ( 0 , t )  = Z . ( t )
G (t)  = G_^(t) (assu m p tion  r e s u l t i n g  from v ery  s h o r t  g a s  h o ld in g  
tim e)
Z (x ,0 )  i s  known ( u s u a l ly  ze r o )
64
w here: Z ^ (t) = i n l e t  c o n c e n tr a t io n  o f ozone in  g a s  phase
G ^ (t) = i n l e t  gas flo w  r a te  
N ote th a t  i f  Z ^ ( t )  i s  s m a ll ,
 —  ~ Z (x  t )
1 + Z ( x , t )
The r e la t io n s h ip  betw een k^a and x i s  th e  s u b je c t  o f  some d is p u te
among v a r io u s  r e s e a r c h e r s .  Y osh ida and A k ita  (9 )  r e p o r t  th a t  th e  mass
tr a n s fe r  c o e f f i c i e n t  i s  in d ep en d en t o f  p o s i t io n  in  th e  c o n ta c t in g
colum ns. However, E ck en fe ld e r  (9 ) and A iba (9 )  co n c lu d e  th a t  k a mayL
be c o r r e la te d  as:
QGM(H-x ) P 
i o
La ‘   V--------
Gq = v o lu m e tr ic  g a s  f lo w  r a te
w here: Q = c o n s ta n t
 etr  o
M = exp on en t o f  Gq
P = exp on en t o f  th e  subm ergence d e p th , (H -x ) , H = h e ig h t  
V i s  n o t  d e f in e d .
N ote  th a t  t h i s  c o r r e la t io n  a ls o  p r o v id e s  a b a s i s  fo r  d eterm in in g  th e
e f f e c t  o f  ch an ges in  gas f lo w  r a t e  upon th e  m ass t r a n s f e r  o f  ozon e.
From th e  s m a ll amounts o f  ozone tr a n s fe r r e d  and from th e  v e r y
s h o r t  r e s id e n c e  tim e o f th e  g a s  a s  compared to  th a t  o f  th e  w ater i t  i s
assumed th a t  th e  e f f e c t  o f  any change in  Z (x= 0) has an im m ediate im pact
upon Z(x=H ). Thus:
v Z (x)p
C (t)  = - ( k LaK A )E -1 — ^ -  Cz (t) ]  (9 )
w ith  th e  boundary c o n d it io n ,  Z (0) = Z ^ ( t ) .
The solution to equation (9) is:
Z (x) = Z ^ t ^ M ^ x )  + (1 . -  M1 ( x ) ) CZ(t)K H
P T
(1 0 )
w here: M^(x) = exp ( ( 11)
ZR = Z(x=H) = Z± (t)*M  ( H ) + ( l -  M1 (H)) CZ(t)K H
PT
( 12)
I f  th e  h e ig h t  o f  l i q u id  in  th e  column i s  c o n s ta n t ,  a s  i s  n orm ally  
th e  c a s e ,  M^(H) becom es:
OrP* 1
w here O' = —r  = c o n s ta n tp + 1
R ea ctio n  o f  Ozone w ith  O rganic C ontam inants
An u n stea d y  s t a t e  m a te r ia l  b a la n ce  on TOC in  th e  l iq u id  phase i s  
d ev e lo p e d :
Input -  Output = A ccum ulation
Input = F (t)C T±( t )
Output = F (t)C T ( t )  + V*RT(CT( t ) ,C z ( t ) )  
v*dcT(t)
A ccum ulation  =
dCT( t )
= (CT±( t )  -  CT( t ) ) / T  -  RT (CT( t ) ,C z ( t ) ) (13 )
B.C . C (0 )  i s  known; 
Cz ( 0 ) i s  known.
l iq u id  vo lu m e, m
l iq u id  mean r e s id e n c e  t im e , hr
r e a c t io n  r a t e  o f  TOC and l iq u id  p h ase o zo n e ,
gm TOC 
m3hr
3
c o n c e n tr a t io n  o f  TOC in  th e  s t a g e ,  gm/m
3
c o n c e n tr a t io n  o f  TOC e n te r in g  th e  stage ,gm /m
3
v o lu m e tr ic  f lo w  r a t e ,  m /h r
L iq u id  P hase C o n cen tra tio n  o f  Ozone
Input = F (t)C  . ( t )  + G (t)p  (Z . ( t )  -  Z „ ( t ) )Z l g 1  H
Output = F (t )C z ( t )  + V*[aRT (CT( t ) ,C z ( t ) )  +  Rd (Cz ( t ) ) ]
A ccum ulation  = V 4 — C _ (t)d t  z
Combining term s in  th e  u su a l form g i v e s :
^ C z ( t )  = (Cz i ( t )  -  Cz ( t ) ) / T  + (G (t)p  /V )(Z ±( t )  -  ZR( t ) )
-  aRT(CT( t ) ,C z ( t ) )  -  Rd (Cz ( t »  (1 4 )
B .C . C (0 )  i s  known.
CT( 0 ) i s  known.
3
w here: p = m olar d e n s ity  o f  g a s ,  Kgm-moles/m
S
3
= au to  d eco m p o sitio n  r e a c t io n  o f o z o n e , Kgm-mole-O^/m -h r  
a = m oles ozone r eq u ir ed  to  c o n v e r t  one gm o f  TOC to  carbon  
d io x id e ,  Kgm-mole-O^/gm TOC
R ate E q u ation s
The fo l lo w in g  form s fo r  r a t e  e q u a tio n s  have been ch osen :
w here: V
t = V/F
RT <CT( t ) ,C z (t )>
CT
CT i
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Rd -  kdCz e<1 (1 6 )
w here: k = r e a c t io n  r a te  c o n s ta n t  o f  O^-TOC r e a c t io n
e^ = r e a c t io n  order o f  TOC fo r  O^-TOC r e a c t io n
e = r e a c t io n  ord er o f  C fo r  0_-T0C r e a c t io n
L i u
k , = r e a c t io n  r a t e  c o n sta n t  fo r  d eco m p o sitio n  r e a c t io n  d
e^ = ord er o f  d eco m p o sitio n  r e a c t io n  
U lt r a v io l e t  (UV) r a d ia t io n  i s  assumed to  a f f e c t  th e  r a te  c o n s ta n ts  
k and k^ in  th e  fo l lo w in g  manner:
k = kQ( l  + p ) 2 , y >_ 0 (17 )
kd = kd o ( 1  + y ) 2 ’ y -  0  (1 8 )
w here: k = k in  th e  a b sen ce  o f  UV r a d ia t io no
k ,  = k .  in  th e  ab sen ce  o f  UV r a d ia t io n  do d
y = param eter in d ic a t i v e  o f  th e  e f f e c t s  o f  u l t r a v i o l e t  r a d i­
a t io n  upon k and k^. y=0 in  th e  a b sen ce  o f  UV r a d ia t io n .
S tead y  S ta te  Model
To red u ce  th e  co m p u ta tio n a l e f f o r t  req u ired  to  e v a lu a te  p aram eters  
such  as th e  l i q u i d  p h ase  mass t r a n s f e r  c o e f f i c i e n t  and th e  r e a c t io n  
r a t e  c o n s ta n t s ,  a s te a d y  s t a t e  m odel o f  th e  c o n ta c t in g  s t a g e  was 
d e v e lo p e d :
S tead y  s t a t e  m ass t r a n s f e r  o f  ozon e from gas to  l iq u id  p h ase:
G ^ d ^ = “ (kLa ) ( A ) [ ( Z ( x )  ^  " CZ) ]  (19 )
B.C. Z (0 ) = Z
Stead y  s t a t e  b a la n c e  on t o t a l  o r g a n ic  carbon:
(CT i " GT) / t = ®T (20)
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S tead y  s t a t e  b a la n c e  on d is s o lv e d  ozone in  th e  l iq u id  phase:
(CZ i " CZ)/T  + (GPg /V ><Zi  ~ V  = aRT + Rd (21)
S tead y  S ta te  S o lu t io n  Method
S in c e  th e  r e a c t io n  r a te  e q u a t io n s  a re  n o n lin e a r ,  s o lv in g  th e  s te a d y  
s t a t e  e q u a t io n s  in v o lv e s  a t r i a l  and er r o r  p r o c e s s .  The s o lu t io n  method 
em ployed i s  d e s c r ib e d  below  and f lo w c h a r te d  in  F ig u r e  A .3 .
The f i r s t  s te p  i s  to  assum e a v a lu e  fo r  C^. N ex t, C c a n  be c a l ­
c u la te d  from  a com b in ation  o f  e q u a tio n s  (1 5 ) and (20) e x p r e sse d  a s:
(CT i " V  eT 17e ZCz = [ (  ■■ - T ■ - -)/(kC T L ) ]  Z (2 2 )
Once C i s  known, e i t h e r  e q u a tio n  (7 )  or  (1 9 ) i s  in t e g r a te d  from
Li
x=0 to  x=H to  o b ta in  Z (x) a t  x=H. I f  Z  ^ i s  s m a ll ,
Z.
—i   s: ^
1+Zi  i ’
and e q u a tio n  (1 9 ) sh o u ld  be chosen  s in c e  i t  i s  a n a l y t i c a l l y  in t e g r a b le  
in  x ,  th ereb y  a v o id in g  th e  co m p u ta tio n a l overhead  a s s o c ia t e d  w ith  i n t e ­
g r a t in g  eq u a tio n  (7 )  n u m e r ic a lly .
By r e -a r r a n g in g  and com bining e q u a tio n s  ( 1 5 ) , ( 1 6 )  and ( 2 1 ) ,  a 
check  on th e  p r e v io u s  e s t im a te  o f  C may be computed:
* (C -C ) Gp e  e  1 /e
CT = U - -— \  + ( - ^ ) ( Z .- Z ( x = H ) )  -  kdCz d ]/(a k C z ) Z) T (22)
•k
I f  i s  s i g n i f i c a n t l y  d i f f e r e n t  from C^, a new e s t im a te  fo r  C^ , i s  
d eterm in ed  and th e  p r o c e s s  r e p e a te d . An in t e r v a l  h a lv in g  te c h n iq u e  has  
been u sed  in  t h i s  s tu d y  to  perform  th e  i t e r a t i v e  s o lu t io n .
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Start
Use in t e r v a l  halv ing  
to  s o l v e  fo r  C^:
0 < Cy < CTi
F in ish
CZ
(CTi “ V kC.r
1 /e ,
. , ■■■— .... — llfl
So lve  f o r  Z(x=H) by in t e g r a t in g  e i t h e r
(a) Equation (19) a n a l y t i c a l l y
(b) Equation (7) numerical ly
•k 1 
° T 1
>
[(Czi; Cz) * (»
ed /  e )  ^
1 -  Z(X=H))  -  kdCZ J / ( “kcz)Z[
Adjust Cx such th a t
F ig u r e  4 .3 .  S tead y  S ta te  S o lu t io n  Method
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U nstead y  S ta te  S o lu t io n  Method
The u n stea d y  s t a t e  s o lu t io n  o f  th e  c o n ta c to r  s ta g e  r e q u ir e s  th a t  
th e  s e t  o f  n o n lin e a r  o rd in a ry  d i f f e r e n t i a l  e q u a tio n s  r e p e a te d  below  be 
in t e g r a te d  in  tim e from a g iv e n  i n i t i a l  c o n d it io n .
T o ta l o r g a n ic  ca rb o n :
dC ( t )  (C ( t )  -  C ( t ) )  e  e
=  kcT( t ) xc z ( t )  L (13)
L iq u id  p hase ozon e:
d C _ (t) (C ( t )  -  C ( t ) )  G (t)p
- i r - - — — t — +—r 4 [zi(t) - (u>
Boundary C o n d it io n s:
C ( 0 ) ,  G „ (0 ) , Z . ( t )  a re  knownX La 1
A s im p le  forw ard d i f f e r e n c e  in t e g r a t io n  te c h n iq u e  was t r ie d  but 
w ith o u t  s u c c e s s .  Due to  th e  f a s t  t r a n s fe r  o f  ozone from th e  g a s  to  
l iq u id  p h ase from an i n i t i a l  c o n d it io n  o f  = 0 , an u n a c c e p ta b ly  sm a ll 
tim e in crem en t was r e q u ir ed  fo r  s t a b le  in t e g r a t io n .
The backward d i f f e r e n c e  te c h n iq u e  d oes n o t s u f f e r  from t h i s  in s t a ­
b i l i t y  prob lem . The d e r iv a t iv e  i s  e v a lu a te d  n o t  a t  th e  b e g in n in g  o f  
th e  tim e s t e p  w here i t  i s  a t  a maximum, but r a th e r  a t  th e  end o f  th e  
in t e g r a t io n  p e r io d  w here i t  i s  a t  a minimum.
The backward d i f f e r e n c e  in t e g r a t io n  fo r m u la tio n  o f  eq u a tio n  (14)  
ap p ears as f o l l o w s .  The s u b s c r ip t  n d en o te s  e v a lu a t io n  a t  tim e t ;  th e  
s u b s c r ip t  n+ 1  d e n o te s  e v a lu a t io n  a t  tim e t+ 1 .
CZn+l " CZn +  At { <CZ1’n+^ CZn+1> +  C - ^ X l - Y H ) )
<Zi , n + l  -  -  ““ W l ^ Z n + i 02 -  V z n + l ^ 1 <2 3 )
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The problem  now becom es one o f  s o lv in g  ( 2 3 ) ,  a n o n lin e a r  a lg e b r a ic  equa- 
t i o n ,  f o r  CZ n+1.
We have chosen  to  l i n e a r i z e  th e  e q u a tio n  in  C^n+l by approxim ating  
e x p r e s s io n s  o f  th e  form by th e  fo llo w in g  Tayor s e r i e s  ex p an sion
(tr u n c a te d  a f t e r  th e l in e a r  te r m ):
CZn+ l  * ^ - ^ CZn
w here: y = any a r b itr a r y  exp on en t.
W ith t h i s  a p p ro x im a tio n , eq u a tio n  (2 3 ) becom es, a f t e r  some g a th e r -  
in g  o f  te r m s ,
C7rl + Q,At
0  = ------- ±—  (24 )
Zn+1 1 + Q2At K
CZ i n+1 ^ n + lpe eT BZ
„ h e r e : Qi -  - 5 - J — + -  “kCTn+ l  - e Z^CZn
-  kd ( 1 - e d ) c z ned  <2 5 >
and Q2 -  i +  ( J ^ ) ( l - l l l ( H ) ) ( ^ ) + o.kCI n + 1 ^ e z C2ne z  "
G  X
+  kde dCZn <2 6 )
A forw ard d i f f e r e n c e  in t e g r a t io n  o f  e q u a tio n  (1 3 ) was found ade­
q u a te . T hus, in  th e  a c tu a l  n u m er ica l s o l u t i o n ,  e q u a tio n s  (2 5 ) and (26)
w ere e v a lu a te d  u s in g  Cm in s t e a d  o f  Cm , , .Tn Tn+1
The n u m er ica l p roced u re  fo r  s o lv in g  th e  m a te r ia l  b a la n ce  e q u a tio n s
fo r  th e  t o t a l  o r g a n ic  carbon and l i q u i d  p hase ozon e c o n c e n tr a t io n s  i s
f lo w  c h a r ted  in  F ig u r e  4 .4 .
O v e r a ll C o n tactor  System  S o lu t io n  Method (S tea d y  S ta te  and Dynamic)
The m odel o f  th e  o v e r a l l  ozon e c o n ta c to r  -  in c lu d in g  a p r e c o n ta c to r  
and s i x  s ta g e s  -  c o n s i s t s  o f  th e  rep ea te d  a p p l ic a t io n  o f  th e  in d iv id u a l
Start
I
t  = 0 n = 0
CZn ‘  Cz‘°>
Cjn -  CT(0)
Evaluate (H)
Evaluate equat ions  (25) and (26)  
to  obta in  and
>/
CZ n + ( >l4t
LZnH 1 + Q2At
N
dr
Evaluate auT 
dt
using equation (12)
n
I___
n+ 1
dCT
CT + At - n r  Tn a t n
n = n + 1
F ig u re  4 . 4 .  U nsteady S ta te  S o lu t io n  Method
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c o n ta c t in g  s t a g e  m o d e ls . In e s s e n c e ,  th e  o v e r a l l  ozone c o n ta c to r  m odel 
c o n n e c ts  th e  in d iv id u a l  s t a g e s  in  th e  p rop er seq u en ce a s  i l l u s t r a t e d  in  
T able 4 -1 .
O v e r a ll C o n ta cto r  System  Steady S ta te  S o lu t io n
As th e  p r e -c o n ta c to r  i s  dependent upon th e  m odels o f  s ta g e s  one 
through s i x ,  and v i c e - v e r s a ,  th e  s o lu t io n  te ch n iq u e  i s  n e c e s s a r i ly  
i t e r a t i v e .  The m ethod u sed  i s  e s s e n t i a l l y  a b a c k - s u b s t i tu t io n  s t r a te g y  
and i s  f lo w c h a r te d  in  F ig u r e  4 .5 .
O v e r a ll C o n ta c to r  System  Dynamic S o lu t io n
S in c e ,  fo r  each  in crem en t o f  t im e , th e  p r e -c o n ta c to r  and s ta g e s  
may be c o n s id e r e d  in d ep en d en t o f  each  o th e r ,  th e  u n stea d y  s t a t e  s o lu t io n  
o f  th e  o v e r a l l  c o n ta c to r  i s  v e r y  s tr a ig h t fo r w a r d . A f lo w  ch a r t i s  
g iv e n  in  F ig u r e  4 .6 .
PARAMETER ESTIMATION CONSIDERATION
V a lu es o f  key v a r ia b le s ,s u c h  a s  r e a c t io n  r a te  c o e f f i c i e n t s  and th e  
mass t r a n s f e r  c o e f f i c i e n t ,  m ust be d eterm ined  fo r  u s e  w ith in  th e  m od el.
To e s t im a te  th e s e  v a lu e s ,  th e  P a tte r n  Search  (4 )  d is c u s s e d  in  
C hapter I I  i s  a g a in  u sed  to  m in im ize a c o s t  fu n c t io n  w hich  p e n a l iz e s  
f o r  m odel d e v ia t io n s  from ex p e r im e n ta l r e s u l t s .
C ost F u n ction
The c o s t  fu n c t io n  u sed  in  t h i s  stu d y  i s  th e  sum o f  w e ig h ted  r e l a ­
t i v e  squared  d i f f e r e n c e s  betw een  th e  m odel and e x p er im en ta l d a ta . The 
fo l lo w in g  ite m s  are  compared in  th e  e v a lu a t io n :
1. O ff gas  ozon e c o n c e n tr a t io n
2 .  C o n c en tra tio n  o f  t o t a l  o r g a n ic  carbon
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S ta g e   Input From;__________   Output To:
L iq u id Gas L iq u id Gas
P r e c o n ta c to r RO Perm eate S ta g e s  1 -6 S ta g e  1 V ented
1 p r e c o n ta c to r °3 g e n e r a to r s ta g e  2 p r e c o n ta c to r
2 s t a g e  1 °3 g e n e r a to r s ta g e  3 p r e c o n ta c to r
3 s t a g e  2 °3 g e n e r a to r s ta g e  4 p r e c o n ta c to r
4 s t a g e  3 °3 g e n e r a to r s ta g e  5 p r e c o n ta c to r
5 s t a g e  4 °3 g e n e r a to r s ta g e  6 p r e c o n ta c to r
6 s t a g e  5 °3 g e n e r a to r h y p o c h lo r - p r e c o n ta c to r
in  a t io n  
u n it
T able 4 -1
Ozone C o n ta cto r  C o n fig u r a tio n
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Start
All inputs  to  the  o v e r a l l  c on tac tor  
system are known
Assume th a t  the  composit ion o f  the  e f f l u e n t  
from each o f  the s ta g e s  one through s i x  
i s  the  same as t h a t  o f  the  ozone generator  
product .  That i s ,  no r ea c t io n  occurs in
s ta g e s  one through s i x .  (ZH = z i>
S o lve  the  p r e -c o n ta c to r  model
So lve  models o f  s ta g e s  one through s i x ,  
s e q u e n t i a l l y
I f  the  composit ion w i th in  the  s i x  s ta g e s  
and the  p r e -c o n ta c to r  are  not apprec iab ly  
d i f f e r e n t  from th o se  o f  the  previous  
i t e r a t i o n ,  s o l u t i o n  has been found. Other­
w i s e ,  cont inue  i t e r a t i n g
Combine the o f f  gas from the s i x  s ta g es  
f o r  input to  the  p r e -c o n ta c to r
— -Xf F in is h
F ig u r e  4 .5 .  S teady  S ta te  S o lu t io n  Method fo r  O v e r a ll C o n ta c tin g  System
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Start
S olve  p r e -c o n ta c to r  model 
using inputs  a t  time t
So lve  each o f  the  s ta g e s  
s e q u e n t i a l l y  us ing  inputs  
a t  time t
YesF in ish
F ig u r e  4 .6
Dynamic S o lu t io n  o f  O v e r a ll C o n ta c tin g  System
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3 . C o n c en tra tio n  o f  d is s o lv e d  ozon e.
The a lg e b r a ic  fo r m u la tio n  o f  th e  c o s t  fu n c t io n  i s  g iv e n  below :
n ZH -ZH . . 2
COST = Z Wp i { Z [WZn (— ~
i = l  j = p r e c o n ta c to r  i j  e , i j
s ta g e s
CT . . ~CT . . 2 CZ ,,-C Z  2
+ WCT < ^  3 ) + MC Z ..(~ ' CZJ 1}
1 3 e , i j  e > ij
w here: n = number o f  d a ta  p o in t s ,  d im e n s io n le s s
Wp^  = w e ig h t in g  f a c t o r  f o r  th e  p o in t  as a w h o le , d im e n s io n le s s
W = w e ig h t in g  f a c t o r  fo r  o f f  g a s  ozon e c o n c e n tr a t io n  d e v i -ZH. .
a t io n s .  (D ata p o in t  i ,  S ta g e  j ) ,  d im e n s io n le s s
W _ = w e ig h t in g  f a c t o r  fo r  p rod u ct w ater TOC c o n c e n tr a t io nLl • .
i j
d e v ia t io n s .  (D ata p o in t  i ,  S ta g e  j ) ,  d im e n s io n le s s  
W = w e ig h t in g  f a c t o r  fo r  p rod u ct w ater  d is s o lv e d  ozon e con -
L^u , .
i j
c e n tr a t io n  d e v ia t io n s .  (D ata p o in t  i ,  S ta g e  j ) ,  
d im e n s io n le s s
ZH . .=  ex p e r im e n ta l rea d in g  o f  o f f  g a s  ozone c o n c e n tr a t io n .
(D ata  p o in t  i ,  S ta g e  j ) ,  m oles o zo n e/m o le  ozone f r e e  gas
ZH . .=  m odel p r e d ic t io n  o f  o f f  g a s  ozone c o n c e n tr a t io n . (D ata  
m, 1 3
p o in t  i ,  S ta g e  j ) ,  m o les o zo n e/m o le  ozone f r e e  gas
CT . .=  e x p er im en ta l v a lu e  o f product w ater  TOC c o n c e n tr a t io n .
®»i j
3
(D ata p o in t  i ,  S ta g e  j ) ,  gm/m
CT . .=  m odel p r e d ic t io n  o f  p rod u ct w ater TOC c o n c e n tr a t io n .
3
(D ata  p o in t  i ,  S ta g e  j ) ,  gm/m
CZ . .=  e x p e r im e n ta l v a lu e  o f  product w ater  d is s o lv e d  ozon e con -  
e , i j
3
c e n t r a t io n .  (D ata  p o in t  i ,  S ta g e  j ) ,  Kgm m oles/m
CZ . .=  m odel p r e d ic t io n  o f  product w ater d is s o lv e d  ozon e con -
3
c e n t r a t io n .  (D ata  p o in t  i ,  S tage  j ) ,  Kgm m oles/m
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For th e  p u rp oses o f  th e  c o s t  fu n c t io n ,  th e  p r e -c o n ta c to r  i s  con­
s id e r e d  a s  though i t  were a s ta g e .
P aram eters to  be E v a lu a ted
T ab le  4 - 2 , l i s t s  th e  m odel p aram eters whose v a lu e s  must be d e te r ­
mined from ex p er im en ta l d a ta .
S e v e r a l param eters may be e v a lu a te d  by a p p ro p r ia te  la b o r a to r y
k in e t i c  a n a ly s e s ,  nam ely a ,  k , k , e , e  , and e . S in ce  th e  mass
d o  o  1 /j d
tr a n s fe r  o f  ozone and th e  e f f e c t  o f  u l t r a v i o l e t  (UV) r a d ia t io n  a r e
/
d i r e c t l y  in f lu e n c e d  by th e  c o n ta c to r  s ta g e  c o n f ig u r a t io n ,  i t  i s  f e l t  
th a t  Q ', M, and y sh o u ld  be e v a lu a te d  from a c tu a l  o p e r a tin g  d a ta .
D ata R equirem ents
The fo l lo w in g  d a ta  w i l l  b e  r e q u ir e d  to  p r o p e r ly  o b ta in  n u m erica l 
v a lu e s  fo r  th e  a d ju s ta b le  p aram eters w ith in  th e  ozone c o n ta c t in g  system  
m o d e l.
1 .  System  Geometry
a .  P r e c o n ta c to r
1. H eigh t (m)
2 . Width (m)
3 . L ength  (m)
b . S ta g es
1. Number o f  s ta g e s  u sed
2 . H eigh t (m)
3 . W idth (m)
4 . L ength (m)
Table 4-2. Ozonation Model Parameters
TOC -  ozone r e a c t io n  r a t e  c o n s ta n t  in  th e  a b sen ce  o f UV 
r a d a tio n
TOC -  ozon e r e a c t io n  r a t e  ord er  fo r  TOC 
V alue o f  y in  th e  p r e se n c e  o f  UV r a d ia t io n
Ozone d eco m p o sit io n  r e a c t io n  r a te  c o n s ta n t  in  th e  ab sen ce  o f  
UV r a d ia t io n
TOC -  ozone r e a c t io n  r a te  ord er fo r  ozone  
Ozone d eco m p o sitio n  r e a c t io n  r a t e  ord er
M oles o f  ozone r e q u ir e d  to  o x id iz e  one gram o f  o r g a n ic  carbon  
C onstan t in  c o r r e la t io n  fo r  k a
Li
Exponent o f  Gq in  c o r r e la t io n  fo r  k^a
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c .  S p e c i f i c  c o n f ig u r a t io n  o f  in t e r s t a g e  p ip in g ;  i . e . ,  o r ig in  
and d e s t in a t io n  o f  b o th  in f lu e n t s  and e f f lu e n t s  f o r  each  
s ta g e  -  in c lu d in g  th e  p r e -c o n ta c to r  ( i f  p r e se n t)
2 .  System  Input D ata
a . W aste w ater  typ e
3
b . I n l e t  v o lu m e tr ic  f lo w  r a te  o f  con tam in ated  w a ter  (m /h r )
3
c .  I n l e t  v o lu m e tr ic  f lo w  r a te  o f  o z o n e /c a r r ie r  gas (m /h r )
d. TOC o f  RO e f f lu e n t  (gm/m^)
e . Ozone c o n c e n tr a t io n  o f  o z o n e /c a r r ie r  g a s  from ozone  
g e n e r a to r  (m o les o zo n e /m o le  c a r r ie r  g a s )
f .  O p era tin g  tem p eratu re (°K)
g .  O p eratin g  p r e ssu r e  (atm )
3 . System  Output Data*
3
a . TOC l e v e l s  in  p r e -c o n ta c to r  and a l l  s ta g e s  (gm/m )
b . L iq u id  p hase c o n c e n tr a t io n  o f  ozon e in  p r e -c o n ta c to r  and
3
a l l  s t a g e s  (Kgm-moles/m )
c .  Ozone c o n c e n tr a t io n  o f  g a seo u s  e f f l u e n t  from p r e -c o n ta c to r  
and a l l  s ta g e s  (gm -m oles ozone/gm -m ole ozone f r e e  g a s)
SUMMARY
T h is  ch a p ter  p r e se n te d  th e  developm ent o f  th e  o z o n a t io n  m odule  
m od el. E q u ation s d e s c r ib in g  th e  b eh a v io r  o f  t h i s  u n it  and th e  method o f  
e v a lu a t in g  param eters from a v a i la b le  ex p e r im e n ta l d a ta  a re  d is c u s s e d .
*N ote: N ot a l l  o f  th e  r e q u e s te d  system  ou tp u t d a ta  may be a v a i la b le ;
how ever, th e  f i t  program can make u se  o f  a l l  d a ta  ta k en . A ls o ,  a l l  
system  ou tp u t d a ta  must be g a th ered  when th e  e n t ir e  ozone c o n ta c t in g  
system  i s  a t  s te a d y  s t a t e .
CHAPTER V
THE HYPOCHLORINATION SYSTEM MODEL
INTRODUCTION
In t h i s  c h a p te r , th e  developm ent o f  th e  m odel o f  th e  h y p o c h lo r in a -  
t io n  u n it  from b a s ic  m a te r ia l  b a la n ce  e q u a tio n s  and th e  s o lu t io n  method  
em ployed a r e  p r e s e n te d .
A lthough  a s e c t io n  on param eter e s t im a t io n  c o n s id e r a t io n s  i s  
in c lu d e d  to  m a in ta in  c o n s is t e n c y ,  i t  i s  concluded  th a t  no a d ju s ta b le  
param eters e x i s t .
L i s t in g s  o f  th e  com puter programs and th e  r e s u l t s  o f  exam ple runs  
are  c o n ta in e d  in  th e  r e p o r t ,  "A M ath em atica l Model o f  a H y p o c h lo r in a tio n  
U n it fo r  a Water R e-U se System ". (1 1 )
DEVELOPMENT OF BASIC EQUATIONS AND METHODS USED
Ozone i s  a p o w erfu l d i s in f e c t a n t  b u t i s  h ig h ly  u n s ta b le  in  aqueous 
s o lu t io n s .  H owever, a sm a ll r e s id u a l  o f  f r e e  a v a i la b le  c h lo r in e ,  p r e s ­
en t a s  e i t h e r  H0C1 or 0C1 , i s  an e f f e c t i v e  r e ta r d a n t  a g a in s t  b a c t e r ia l  
grow th fo r  s u s ta in e d  p e r io d s .
The purpose o f  th e  h y p o c h lo r in a t io n  m odule i s  to  in tr o d u c e  th e  
proper amount o f  ca lc iu m  h y p o c h lo r ite  s o lu t io n  to  a c h ie v e  th e  r eq u ir ed  
d i s in f e c t a n t  r e s id u a l  w ith o u t an e x c e s s iv e ly  h ig h  f r e e  c h lo r in e  
c o n c e n tr a t io n .
A diagram  o f  th e  u n it  i s  p r e se n te d  in  F ig u r e  5 .1  to g e th e r  w ith  the  
n o ta t io n  p e r t in e n t  to  t h i s  c h a p te r .
81
82
[C (0 C 1 )J
[HOC1]R
[OC1 ]
w here: [A] r e p r e s e n ts  th e  c o n c e n tr a t io n  o f  component A.
1 , 2 ,  and 3 a r e  s u b s c r ip t s  d e s ig n a t in g  f lo w  s trea m s.
pH i s  -log^ Q  o f  th e  hydrogen io n  c o n c e n tr a t io n .
CaCOCl^ i s  ca lc iu m  h y p o c h lo r it e .
H0C1 i s  h y p o ch lo ro u s a c id .
0C1 i s  th e  h y p o c h lo r ite  r a d ic a l .
F i s  th e  l i q u id  v o lu m e tr ic  f lo w  r a te
R. i s  th e  t o t a l  c h lo r in e  demand o f th e  i n l e t  w a ter , d
F ig u r e  5 .1 .  Diagram o f  H y p o ch lo r in a tio n  U n it
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B a s ic  C hem ical R e a c tio n s
The fo l lo w in g  r e a c t io n s  occu r when Ca(OCl) 2  i s  added to  w ater:  
Ca(OCl) 2  +  Ca++ +  2H0C1 + 20H_
H0C1 t  H+ +  OCl"
H+ + 0H~ t  H20
M a te r ia l B a la n ce
A t o t a l  m a te r ia l  balano. . e h y p o c h lo r ite  io n  u s in g  th e  hypo­
c h lo r in a t io n  u n it  a s a c o n tr o l  volum e y i e l d s :
INPUT -  OUTPUT = ACCUMULATION (1 )
INPUT: 2F2 [C a(O C l)2 ]
OUTPUT: F3 [H0C1)] +  F ^ O C l- ] +  F ^
ACCUMULATION: V ^  ([H0C1] + [0C1_ ])
w here: V = volum e o f  m ixed tank
t  -  tim e
B.C. [HOCl]^ a t  t=0  i s  known
[OCl a t  t= 0  i s  known
pH  ^ a t  t = 0  i s  known
I t  i s  t a c i t l y  assumed in  th e  above and su b seq u en t m a te r ia l  b a la n c e s  
th a t  th e  h y p o c h lo r in a t io n  u n it  approaches th e  p e r f e c t l y  m ixed s t a t e .
In a c t u a l i t y ,  th e  u n i t  i s  equipped  w ith  a m ech a n ica l a g i t a t o r .
C o n s tr a in ts  on th e  M a te r ia l B a lan ce
The s o lu t io n  to  th e  t o t a l  m a te r ia l  b a la n ce  m ust s a t i s f y  th e  f o l lo w ­
in g  c o n s t r a in t s  a t  a l l  t im e s:
-j- —
u n r ^  = K ( D is s o c ia t io n  r e la t io n s h ip  fo r  (2 )
*■ ec* h yp och lorou s a c id )
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+ -  -1 4and [H ] [OH ] = 1 .0  x  10 ( D is s o c ia t io n  r e la t io n s h ip  fo r  w ater) (3 )
or pH + pOH = 14
w here K i s  th e  d i s s o c ia t io n  c o n s ta n t  fo r  H0C1. eq
S o lu t io n  Method
The u n stea d y  s t a t e  m a te r ia l  b a la n c e  fo r  th e  h y p o c h lo r it e  io n  may 
be s o lv e d  a s  f o l l o w s :
1 . G iven [HOCl]^, [OCl PH3 , a t  tim e t .
2 .  C a lc u la te  ([H0C1] +  [OCl ] )  a t  tim e t .a t
3 . C a lc u la te  ([H0C1] + [OCl ] )  a t  tim e t  +  At a s
To d eterm in e  [H0C1] a t  tim e  t  +  A t, th e  fo l lo w in g  i t e r a t i v e  te c h n iq u e  
i s  proposed:
1 . E stim a te  [H0C11 , A.t+At
2 .  A p p lic a t io n  o f  an u n stea d y  s t a t e  m a te r ia l  b a la n c e  on [H+ ]
( [H0C1] + [OCl ] ) t+A t = ( [H0C1] +  [OCl ])
+ ^  ( [H0C1] + [O Cl"]) t  At (4)
y i e l d s :
+  (2F_[C (0 C 1 )J  -  F„ [H0C1] t+A tt+At
t+A t (5 )
where X = amount o f  H+ r e a c te d  w ith  OH to  form H^ O
a = f r a c t io n  o f  t o t a l  c h lo r in e  demand s a t i s f i e d  by
r e a c t io n s  w ith  H0C1
3 , A s im ila r  m a te r ia l  b a la n ce  fo r  OH y ie ld s :
‘+2F [Ca(OCl) ]
t+At 3
( 6 )
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+ -1 4
4 . S in c e  [OH ] t+At-[H  ^t+At = 1 0  ’ a <lu a d r a t ic  e q u a tio n  i s
formed in  X. Once X i s  com puted, [H+ ] t+ At and [OH ] t+ ^t  a r e
e a s i l y  e v a lu a te d .
5 .  [OCl ] t+ £ t  i s  computed a s
K [H0C1] , .
[°cl_] t+At ‘  ^ --------“
W
6 . A check  on th e  v a lu e  o f  [H0C1] At f i r s t  assum ed i s  c a lc u la te d  
a s :
' H 0 C 1 > ’ t + At  "  ( [H 0 C 1 1  +  ^ °C 1 _ ^  t + A t  -  [ 0 C 1 ~ W
7 . I f  [H0C1] > [H0G1]' , t he  n e x t  e s t im a te  o f [H0C1) sh o u ldt+At t+At
be low ered ; o th e r w is e  th e  n e x t  e s t im a te  o f  [H0C1] sh ou ld  be 
r a is e d .
8 . Go to  s t e p  2 i f  th e  s u c c e s s iv e  e s t im a te s  o f  [H0C1] a re  s i g n i f i ­
c a n t ly  d i f f e r e n t ;  o th e r w is e , th e  s o lu t io n  a t  t h i s  p o in t  has  
been fo u n d .
For in t e r v a l  h a lv in g ,  th e  i n i t i a l  bounds on [H0 C1 ] a re  determ ined
from th e  fo llo w in g  r e la t io n s h ip :
0 < [HOCl]t+At < ( [H0C1] +  [ O C r ] ) t+At ( 7 )
In some c a s e s ,  th e  h y p o c h lo r in a t io n  m ix in g  tank  may be r e p la c e d  by 
an i n l i n e  m ixer o f  v e r y  sm a ll vo lu m e. S in c e  th e  r e s id e n c e  tim es  o f  
i n l i n e  m ix er s  tend  to  be v e r y  s h o r t ,  a s te a d y  s t a t e  m odel fo r  t h i s  ty p e  
o f  h y p o c h lo r in a t io n  u n it  becom es a t t r a c t i v e  fo r  two r e a so n s:
1 .  The m odel e q u a t io n s  and com puter program s are  s im p l i f i e d .
2 . There a r e  none o f  th e  problem s a s s o c ia t e d  w ith  th e  n u m erica l 
in t e g r a t io n  o f  s t i f f  e q u a t io n s  such  as th o se  th a t  w ould r e s u l t  
from a v e r y  sm a ll l iq u id  h o ld in g  t im e .
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The s te a d y  s t a t e  m odel i s  e a s i l y  d e r iv e d  from th e dynamic m odel by 
f o r c in g  a l l  tim e d e r iv a t iv e s  to  zero :
S tead y  s t a t e  b a la n ce  on c h lo r in e :
( [H0C1] +  [OCl“ ] )  = 2F2 [Ca (O C l)2 ] - F 3 [HOCl]-F3 [O C l"]-F 1 Rd = 0 ( 8 )
S tead y  s t a t e  b a la n ce  on H+ :
^  [H ] = F110 ■L+ (2 F 2 [Ca (O C l)2 ] - F 3 [H O C l])-F 3 [H ^]-F3X = 0 (9)
S tead y  s t a t e  b a la n c e  on OH : 
d -  "p0Hl—  [OH ] = Fx10 •L+2F2 [Ca (O C l)2 ] - F 3 [OH ] -F 3X = 0 (10)
The s te a d y  s t a t e  s o lu t io n  te ch n iq u e  i s  v e r y  s im ila r  to  th a t  fo r  th e  
u n stea d y  s t a t e  c a s e  and i s  p r e se n te d  h ere :
1 . E s tim a te  [H 0C 1].
2 .  The m a t e r ia l  b a la n c e  e q u a t io n s  fo r  [H+ ] and [OH ] can be com­
b in ed  w ith  th e  e q u ilib r iu m  r e la t io n s h ip  fo r  w ater  r e s u l t in g  in  
a q u a d r a t ic  e q u a tio n  for' X a s  a fu n c t io n  o f  [H 0C1]:
-pH
{F x*10 + (2F 2 [Ca (0 C l)2 ] -  F3 [H0C1] -  F ^ - a F ^ } *
"P° H1 2 -1 4
{F1*10 X +  2F2 [Ca (OCl)2 ] -  F3X }/F 3 = 10  ^ (11)
S in c e  [H0C1] has been e s t im a te d , X can be com puted. [H+ ] may 
th en  be e v a lu a te d .
3 . With v a lu e s  a v a i la b le  f o r  [H0C1] and [H+ ] , [OCl ] i s  o b ta in ed  
from th e  d i s s o c ia t io n  r e la t io n s h ip  fo r  h y p o ch lo ro u s  a c id :
[0C1_] = K eq[H 0C l]/[H + ]
4 . A check  on th e  e s t im a te  o f  [H0C1] i s  d eterm in ed  from th e  t o t a l  
c h lo r in e  b a la n ce :
[H0C1] ' = [2 F 2 [Ca (O C l)2 ] -  F3 [0C1“ ] -  (12)
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5. I f  [H0C1] > [HOCl’ ]»  th e  n e x t  e s t im a te  o f  [H0C1] sh ou ld  be 
low ered ; o th e r w is e ,  i t  sh o u ld  be in c r e a s e d .
6 . I f  th e  s u c c e s s iv e  e s t im a te s  o f  [H0C1] are  s i g n i f i c a n t l y  d i f ­
f e r e n t ,  go to  s t e p  1 ; o th e r w is e ,  th e  s o lu t io n  has been found.
An upper bound on [H0C1] may be computed by assum ing th a t  none o f  
th e  [H0C1] form ed by th e  a d d it io n  o f  C (0C 1)„ i s  r e a c te d  or d is s o c ia t e d .
3.
That i s ,
2[C (OCl) ]F
0 <_ [H0C1] <_------  (13 )
3
PARAMETER ESTIMATION CONSIDERATIONS
The f r a c t io n  o f  th e  c h lo r in e  demand o f  th e  i n l e t  w a te r , a ,  s a t i s ­
f i e d  by r e a c t io n  w ith  H0C1 i s  th e  o n ly  c a n d id a te  fo r  a m odel p aram eter. 
However, s in c e  a i s  g e n e r a l ly  known from la b o r a to r y  a n a ly s i s  -  a s  i s  th e  
t o t a l  c h lo r in e  demand, R  ^ -  no param eter e s t im a t io n  p ro ced u res  a r e  
n e c e s s a r y .
D ata R equirem ents
The fo llo w in g  d a ta  w i l l  be r e q u ir e d  to  p r o p e r ly  e x e c u te  th e  m odel 
o f  th e  h y p o c h lo r in a t io n  sy ste m . S in c e  no f i t  p aram eters need  be e v a lu ­
a t e d ,  no e x p e r im e n ta l d a ta  i s  n e c e s s a r y .
A. S p e c i f i c s  o f  Module C o n fig u r a tio n  and Geometry
3
1 . Volume o f  m ix in g  system  (m )
B. O p erating  T e s t  Data
1 . I n i t i a l  C o n d itio n s
a . pH o f i n i t i a l  system  c o n te n ts  (pH)
b . C o n cen tra tio n  o f f r e e  a v a i la b le  c h lo r in e  (ppm)
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2 . Feed C o n d itio n s
3
a . I n l e t  v o lu m e tr ic  f lo w  r a te  (m /h r )
b . pH o f  i n l e t  w ater (pH)
c .  T o ta l c h lo r in e  demand o f  in f lu e n t  (ppm)
d . F r a c t io n  o f  t o t a l  demand in  i n l e t  w ater  s a t i s f i e d  by 
H0C1 (d im e n s io n le s s )
3 .  H y p o c h lo r ite  A d d it io n  C o n d itio n s
3
a . C o n c en tra tio n  o f  C (0C1)„ (Kgmole/m )
3. Z
3
b . Flow r a t e  o f  C (0C1) 9 s o lu t io n  (m /h r )
cl Z
SUMMARY
The m odel e q u a t io n s  d e s c r ib in g  th e  h y p o c h lo r in a t io n  u n it  p r o c e ss  
w ere d ev e lo p e d  and a  s o lu t io n  te ch n iq u e  p r e se n te d  in  t h i s  ch a p ter .
No param eter e s t im a t io n  p roced u re was r e q u ir e d .
CHAPTER VI 
THE PROCESS FLOW SIMULATOR PACKAGE
INTRODUCTION
T h is  c h a p ter  s e r v e s  to  p r e s e n t  th e  o v e r a l l  dynamic s im u la to r .
M odels o f  l e s s  co m p lica ted  p ie c e s  o f  eq u ip m en t, such as m ixed ta n k s ,  
a re  d e v e lo p e d .
Program l i s t i n g s  and th e  r e s u l t s  o f  exam ple runs d em on stra tin g  th e  
c a p a b i l i t i e s  o f  th e  s im u la to r  a r e  c o n ta in e d  in  a t e c h n ic a l  r e p o r t  to  
th e  U . S . Army ( 1 2 ) .
OVERVIEW
The dynamic p r o c e s s  s im u la to r  i s  a g e n e r a l p u rp ose com puter program  
c a p a b le  o f  s im u la t in g  th e  dynam ic b eh a v io r  o f  a p r o c e s s .  The c o n f ig u r a ­
t io n  o f  th e  p r o c e s s  i s  s p e c i f i e d  by th e  in p u t d a ta , a lo n g  w ith  th e  
param eters th a t  s p e c i f y  th e  c h a r a c t e r i s t i c s  o f  th e  in d iv id u a l  ite m s  o f  
equipm ent in  th e  p r o c e s s .  T h is p erm its  a v a r i e t y  o f  p r o c e s s  c o n f ig u r a ­
t io n s  to  be in v e s t ig a t e d  w ith o u t r e q u ir in g  any ch an ges in  th e  program  
so u r c e  cod e .
W hile th e  s t r u c tu r e  o f  th e  s im u la to r  i s  v e r y  g e n e r a l ,  th e  program  
a s  d ev e lo p ed  has been t a i l o r e d  to  m eet th e  n eed s o f  w ater r e u se  sy ste m s.  
E very r e a so n a b le  e f f o r t  has been made to  f a c i l i t a t e  th e  s u p e r p o s it io n  
o f  a c o n tr o l  system  upon th e  p r o c e s s  m odel.
A c o n s id e r a b le  commitment has been made to  m a in ta in in g  th e  
i n t e g r i t y  o f  th e  in te g r a te d  m odel. A l l  stream  d e s ig n a t io n s  in  th e  in p u t  
d a ta  a re  ch eck ed  fo r  v a l i d i t y .  The s im u la to r  a ls o  in v e s t ig a t e s  each
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stream  to  make su re  th a t  an o r ig in  and d e s t in a t io n  have been s p e c i f i e d .
In a d d it io n ,  t o t a l  and component m a te r ia l  b la n c e s  a r e  perform ed  
around th e  e n t ir e  p r o c e s s  c o n f ig u r a t io n  to  a s c e r ta in  th e  c o n s is te n c y  o f  
th e  m odel r e s u l t s .
S tream s
For th e  p u rp oses o f  th e  s im u la to r , th e  p r o c e s s  i s  r e p r e se n te d  by
in d iv id u a l  p ie c e s  o f  equipm ent in te r c o n n e c te d  by p r o c e s s  s trea m s.
The s t a t u s  o f  each  stream  i s  s p e c i f i e d  by a stream  v e c to r .  The
com ponents o f  t h i s  v e c t o r  d e f in e  th e  p r o p e r t ie s  o f  th e  stream  ( f lo w
r a t e ,  c o m p o s it io n , te m p e r a tu r e s , e t c . ) .  As c u r r e n t ly  im plem ented , th e
v e c t o r  c o n s i s t s  o f  th e  fo l lo w in g :
E lem ent D e f in i t io n
3
1 F low , m /h r
3
2 C o n cen tra tio n  o f suspended  s o l i d s ,  gm/m
3
3 C o n cen tra tio n  o f d i s s o lv e d  s o l i d s ,  gm/m
3
4 C o n c en tra tio n  o f  t o t a l  o r g a n ic  ca rb on , gm/m
Each stream  i s  d e s ig n a te d  w ith in  th e  s im u la to r  program by a p osit-
t i v e  in t e g e r .
Equipment
Each p ie c e  o f  equipm ent in  th e  p r o c e s s  i s  s im u la te d  by a r o u t in e  
w hich i s  s p e c i f i c  to  th a t  equipm ent ty p e .
91
Most o f  th e  equipm ent ty p e s  have a s s o c ia t e d  p aram eters w hich  
id e n t i f y  th e  c h a r a c t e r i s t i c s  th a t  d i s t in g u is h  a p a r t ic u la r  item  o f  
equipm ent from o th e r s  o f  th e  same ty p e .
For exam ple, many c o n f ig u r a t io n s  in c lu d e  s e v e r a l  h o ld in g  
ta n k s , i . e . ,  th e  e q u a l iz a t io n /p r e - s c r e e n in g  ta n k , th e  u l t r a f i l t r a t i o n  
fe e d  ta n k , and th e  r e v e r s e  o sm o sis  fe e d  tan k . One d is t in g u is h in g  
c h a r a c t e r i s t i c  h e r e  i s  th e  i n i t i a l  volum e o f  each  ta n k .
S im u la tio n  Method
To s im u la te  o p e r a t io n  o f  a p a r t ic u la r  c o n f ig u r a t io n ,  th e  f o l ­
low in g  s t e p s  are  e x e c u te d :
1 . D eterm ine th e  prop er equipm ent ty p e  o f  th e  n e x t  u n it  as s p e c i ­
f i e d  in  th e  p r o c e s s  c o n f ig u r a t io n .
2 .  S e t  up th e  in p u t and ou tp u t strea m s to  and from t h i s  u n it  as 
s p e c i f i e d  by th e  p r o c e s s  c o n f ig u r a t io n .
3 . S e t  up th e  p aram eters w hich  are  u n iq u e to  t h i s  p a r t ic u la r  p ie c e  
o f  equipm ent.
4 .  C a ll th e  equipm ent r o u t in e  fo r  t h i s  equipm ent ty p e .
5 . I f  t h i s  i s  th e  l a s t  p ie c e  o f  equipm ent in  th e  c o n f ig u r a t io n ,  go 
to  s t e p  6 ; o th e r w is e ,  go to  s t e p  1 .
6 . Increm ent th e  in d ex  o f  tim e fo r  th e  s im u la t io n  and go to  s te p
Equipment Types
The s im u la to r  p r e s e n t ly  r e c o g n iz e s  th e  fo l lo w in g  ty p e s  o f  equipm ent:
1 , s t a r t in g  w ith  th e  f i r s t  item  o f  equ ipm ent.
Ty£e Code
Mixed tank MT
O verflow  tank 0T
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Type Code
Pump P
Stream  s p l i t t e r SP
Stream  so u rce S0
Stream  m ixer SM
U l t r a f i l t r a t i o n  u n it UF
R ev erse  O sm osis u n it R0
UV/oz c n a tio n  u n it UV
H y p o c h lo r in a tio n  u n it HC
S in k SK
O ther p ie c e s  o f  equipm ent can be e a s i l y  added to  th e  s im u la to r .
ADDITIONAL EQUIPMENT MODELS
The rem ainder o f  t h i s  ch a p ter  i s  d ev o ted to  p r e s e n t in g  th e
der o f  th e  equipm ent m o d els . In a d d it io n ,  th e  
each  equipm ent ty p e  a re  d e s c r ib e d .
p aram eters s p e c i f
Mixed Tank
The m ixed tank  i s  d e sc r ib e d  by a t o t a l  m a te r ia l  b a la n ce  and s e v e r a l  
component m a te r ia l  b a la n c e s .  The t o t a l  m a te r ia l  b a la n c e  i s :  
dV _ £ p _ £ F
d t in p u t i  ou tp ut j
w here: V = volum e o f  l iq u id  in  th e  tank
= f lo w  r a te  o f  in p u t stream  i
Fj = f lo w  r a t e  o f  o u tp u t stream  j
Each component m a te r ia l  b a la n ce  i s :
(VC) = . £ F .C . -  S . F .C . d t in p u t 1  i  o u tp u t j j
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w here: C = c o n c e n tr a t io n  in  th e  tank
= c o n c e n tr a t io n  o f  in p u t stream
C. = c o n c e n tr a t io n  o f  ou tp u t stream
Any com b in ation  o f  in p u t and ou tp u t strea m s a r e  p e r m itte d . The con cen ­
t r a t io n s  o f  a l l  e x i t  stream s a re  th e  same as th e  c o n c e n tr a t io n s  in  th e
tan k .
For th e  m ixed ta n k , th e  f o l lo w in g  p aram eters a re  r e q u ir e d :
1 .  I n i t i a l  volum e o f  l iq u id  in  th e  tank
2 .  I n i t i a l  c o n c e n tr a t io n  o f  suspended  s o l i d s  in  th e  tank
3 . I n i t i a l  c o n c e n tr a t io n  o f  d i s s o lv e d  s o l i d s  in  th e  tank
4 . I n i t i a l  c o n c e n tr a t io n  o f  t o t a l  o r g a n ic  carbon in  th e  tank
In th e  i n i t i a l i z a t i o n  c a l c u la t io n s  f o r  th e  m ixed ta n k , th e  con cen ­
t r a t io n s  o f  a l l  ou tp u t stream s a r e  s p e c i f i e d  a s  th e  i n i t i a l  c o n c e n tr a ­
t io n s  in  th e  ta n k .
O verflow  tank
An o v e r f lo w  tank i s  a m ixed tank  w ith  an upper l i m i t  on th e  volum e. 
Should t h i s  maximum volum e be e x c e e d e d , th e  e x c e s s  in f lu e n t  i s  d i s ­
charged  v ia  th e  o v e r f lo w  stream .
The b a s ic  e q u a t io n s  fo r  th e  o v e r f lo w  tank  a re  th e  same as fo r  th e  
m ixed ta n k . The a d d it io n a l  e q u a tio n s  w hich p r o v id e  th e  o v e r flo w  capa­
b i l i t y  a r e  a s  f o l lo w s :
F, = F fo r  0 < V < V1 T max
1  in p u t i  o u tp u t jF . fo r  V > Vmax
w here: F^ = o v e r flo w  r a te
F^ , = d e s ig n  o v e r f lo w  r a te
V = volum e o f  l iq u id  in  tank
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V = maximum volum e o f  l iq u id  in  tank  
max
= f lo w  r a t e  o f  in p u t stream
Fj = f lo w  r a t e  o f  ou tp u t stream
Both Fm and V are  d a ta  p aram eters.T max
The fo l lo w in g  p aram eters a r e  r eq u ir ed  fo r  th e  o v e r f lo w  tank:
1 . I n i t i a l  volum e
2 .  I n i t i a l  c o n c e n tr a t io n  o f  suspended  s o l i d s
3 . I n i t i a l  c o n c e n tr a t io n  o f d is s o lv e d  s o l i d s
4 .  I n i t i a l  c o n c e n tr a t io n  o f  t o t a l  o r g a n ic  carbon
5 . D esig n  o v e r f lo w  r a t e
6 . Maximum volum e
In th e  i n i t i a l i z a t i o n  c a l c u la t io n s ,  th e  c o n c e n tr a t io n s  o f  a l l  o u tp u t  
stream s a r e  s e t  eq u a l to  th e  i n i t i a l  c o n c e n tr a t io n s  in  th e  ta n k .
V o lu m etr ic  Pump
T h is  item  o f  equipm ent r e p r e s e n ts  e i t h e r  a c o n s ta n t  volum e pump or  
a v a r ia b le  volum e pump fo llo w e d  by a f lo w  c o n t r o l l e r .
The b a s ic  eq u a tio n  fo r  t h i s  pump i s  a s  f o l l o w s :
w here: F^ = f lo w  r a t e  through pump
F^ = f lo w  r a t e  o f  in p u t stream
F£ = f lo w  r a t e  o f  ou tp u t stream
The c o n c e n tr a t io n  o f th e  ou tp u t stream  i s  s e t  eq u a l to  th e  c o n c e n tr a t io n  
o f  th e  in p u t stream .
The o n ly  param eter a s s o c ia t e d  w ith  th e  pump i s  F .
Stream  S p l i t t e r
The purpose o f  t h i s  p ie c e  o f  equipm ent i s  to  s p l i t  an in p u t stream  
in t o  two o u tp u t s tr e a m s, th e  f lo w  r a te  o f  one ou tp u t stream  b e in g  
s p e c i f i e d .
The f lo w  eq u a tio n  d e s c r ib in g  t h i s  p ie c e  o f  equipm ent i s  a s  fo l lo w s
F i f  F . > F 
F  = s  1 “  s
2 F. i f  F, < F1 I s
F = f -  F
3 1 2
w here: F^ = f lo w  r a te  o f  in p u t stream
F£ = f lo w  r a t e  o f  f i r s t  o u tp u t stream
F^ = f lo w  r a t e  o f  secon d  o u tp u t stream
The c o n c e n tr a t io n s  in  b o th  o u tp u t stream s a r e  s e t  eq u a l to  th e  in p u t
concen t r a t  io n .
The o n ly  param eter r e q u ir e d  i s  Fg , th e  d e s ig n  s p l i t .
Stream  Source
The stream  so u r c e  i s  d e s ig n e d  to  s im u la te  th e  p u ls e - ty p e  in p u t  
strea m s th a t  a r e  en co u n tered  in  w a ter  r e - u s e  u n i t s .  The stream  i s  
assumed to  behave a s  f o l lo w s :
t t  t  t
on on on on& %
J- - L
t l  t c y c le  t c .yc le  t c y c le
w here: t  = tim e o f  s t a r t  o f  f i r s t  p u ls e
t = tim e d u r a tio n  o f  p u ls eon
t ! . = tim e o f  c y c l ec y c l e
During th e  f lo w  p e r io d , th e  f lo w  r a te  and c o n c e n tr a t io n  must be  
s p e c i f i e d .
For t h i s  u n i t ,  th e  fo l lo w in g  param eters a re  r e q u ir ed :
1 . tim e o f  f i r s t  p u ls e  ( t^ )
2 . tim e d u r a tio n  o f  p u ls e  ( t  )r  on'
3 . tim e o f  c y c le  ( t Cy C^ e )
4 . f lo w  r a te  d u rin g  p u ls e
5 . c o n c e n tr a t io n  o f  suspended  s o l i d s
6 . c o n c e n tr a t io n  o f  d is s o lv e d  s o l i d s
7. c o n c e n tr a t io n  o f  t o t a l  o r g a n ic  carbon
Stream M ixer
The stream  m ixer i s  d e s ig n e d  to  combine s e v e r a l  in p u t stream s
produce a s i n g l e  o u tp u t s tream .
The f lo w  e q u a tio n s  d e s c r ib in g  t h i s  u n it  a r e  a s  fo l lo w s :
F. = . I  F. j  in p u t l
w here: F^ = f lo w  r a t e  o f  in p u t stream
Fj = f lo w  r a te  o f  ou tp ut stream
The eq u a tio n  f o r  c o n c e n tr a t io n  i s  a s  fo l lo w s :
„ input FiCl 
j ' F:
w here: C_^  = c o n c e n tr a t io n  o f  in p u t stream
= c o n c e n tr a t io n  o f  o u tp u t stream  
No param eters a r e  req u ir ed  fo r  t h i s  u n i t .
Ultrafiltration Unit
The u l t r a f i l t r a t i o n  u n it  m odel i s  d e sc r ib e d  in  C hapter I I .  
The re q u ir e d  p aram eters a re:
1 . L ength o f tu b es
2 .  D iam eter o f  tu b es
3 . Number o f  tu b es in  m odule
4 . Number o f  in t e g r a t io n  s t e p s
5 . D e n s ity  o f  w ater
R everse  O sm osis U n it
The r e v e r s e  o sm o sis  u n it  m odel i s  d e s c r ib e d  in  C hapter I I I .  
The r e q u ir e d  p aram eters are:
1 . L ength  o f h o llo w  f ib e r s
2 .  Outer r a d iu s  o f  fe e d  d i s t r ib u t io n  tube
3 . In ner r a d iu s  o f  m odule
4 .  D iam eter o f  h o llo w  f ib e r s
5 . A verage p r e s s u r e  in  c o n c e n tr a te  s id e  o f  module
6 . D e n s ity  o f  w ater
7 . O p eratin g  tem p eratu re
8 . A verage k in e m a tic  v i s c o s i t y  o f  th e  RO fe e d  s o lu t io n  
O zonation  U n it
The o z o n a tio n  u n i t  m odel i s  d e s c r ib e d  in  C hapter IV.
The req u ired  p aram eters a re :
1 . I n l e t  o z o n e /c a r r ie r  gas c o n c e n tr a t io n
2 . I n l e t  g a s  f lo w  r a te
3 . I n i t i a l  c o n c e n tr a t io n  o f  suspended  s o l i d s
4 . I n i t i a l  c o n c e n tr a t io n  o f  d is s o lv e d  s o l i d s
5 . I n i t i a l  c o n c e n tr a t io n  o f  t o t a l  o r g a n ic  carbon
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Hypochlorination Unit
The h y p o c h lo r in a t io n  u n it  model i s  d e sc r ib e d  in  C hapter V.
The req u ired  p aram eters a re :
1 .  I n i t i a l  pH
2 . I n i t i a l  c o n c e n tr a t io n  o f  f r e e  a v a i la b le  c h lo r in e  (p a r ts  per  
m il l io n )
3 .  I n i t i a l  c o n c e n tr a t io n  o f  suspended  s o l id s
4 . I n i t i a l  c o n c e n tr a t io n  o f  d is s o lv e d  s o l i d s
5 . I n i t i a l  c o n c e n tr a t io n  o f  t o t a l  o r g a n ic  carbon '
6 . Feed r a t e  o f  C (0 C 1 )„ s o lu t io n
cl /
Sink
As in d ic a te d  e a r l i e r ,  a l l  in p u t stream s to  th e  p r o c e s s  m ust o r i g i ­
n a te  w ith  th e  so u rce  b lo c k . S im i la r ly ,  a l l  stream s le a v in g  th e  p r o c e s s  
m ust be in p u ts  to  a b lo c k  c a l l e d  th e  "Sink” . One rea so n  fo r  t h i s  i s  so  
th a t  each  stream  m ust o r ig in a t e  w ith  one and o n ly  one b lo c k  and each  th e  
d e s t in a t io n  fo r  ea ch  stream  m ust be one and o n ly  one b lo c k .
A c t u a l ly ,  th e  s in k  b lo c k  p la y s  no r o l e  in  th e  s im u la t io n . The o n ly  
c a lc u la t io n  p ro ced u re  in v o lv e d  i s  th a t  th e  c o l l e c t i v e  stream  flo w s  
( t o t a l  and com ponent) a r e  in te g r a te d  f o r  th e  m a te r ia l  b a la n ce  
c a l c u la t io n s .
Each s in k  b lo c k  may have up to  f i v e  in p u t s trea m s. The p r o c e ss  
c o n f ig u r a t io n  may c o n ta in  m u lt ip le  s in k  b lo c k s .
No p aram eters a r e  r e q u ir e d .
SUMMARY
The s im u la to r  in te r c o n n e c t s  each  o f  th e  u n it  p r o c e s s e s  s e l e c t e d  in  
a p a r t ic u la r  c o n f ig u r a t io n  in t o  an in te g r a te d  dynamic m od el.
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To p erm it th e  g r e a t e s t  d e g ree  o f  f l e x i b i l i t y ,  th e  equipm ent 
s i z i n g s ,  i n i t i a l  c o n d i t io n s ,  and p la n t  c o n f ig u r a t io n s  a re  s p e c i f i e d  by 
th e  in p u t d a ta .
CHAPTER VII
CONCLUSIONS
The purpose o f  t h i s  d i s s e r t a t io n  has been to  d ev e lo p  a dynamic 
m odel o f  a w ater  trea tm en t e lem en t in c o r p o r a tin g  th e  u n it  p r o c e s s e s  
d e s c r ib e d  in  C hapters II -V .
The t y p ic a l  a p p l ic a t io n  o f  t h i s  m odel would be in  th e  s im u la t io n  
o f  a f u l l  s c a le  w ater  trea tm en t u n i t .  E xp erim en ta l d a ta  c o l l e c t e d  from  
p i l o t  u n it  p r o c e s s e s  over th e  e x p e c te d  range o f  o p e r a tin g  c o n d it io n s  
w ould be used  to  d eterm in e m odel p aram eters .
The component m od els d ev e lo p ed  w ere p r e se n te d  in  C hapters I I -V .
The o b j e c t iv e  in  each  c a se  was to  compose a m odel a d eq u a te ly  r ig o r o u s  
in  a m e c h a n is t ic  s e n s e  th a t  w ould n o t  r e q u ir e  an undue e x p e n d itu r e  o f  
co m p u ta tio n a l e f f o r t .  T h is  was r e a d i ly  a ccom p lish ed  in  th e  m odels o f  
th e  h y p o c h lo r in a t io n  and o z o n a tio n  sy ste m s.
For th e  m od els o f  th e  u l t r a f i l t r a t i o n  and r e v e r s e  o sm o sis  s y s te m s ,  
t h i s  was n o t  th e  c a s e .  The prim ary d i f f i c u l t y  en cou n tered  was th e  f o r ­
m u la tio n  o f a s u i t a b le  s o lu t io n  method fo r  d eterm in in g  th e  f lu x e s  o f  
m a te r ia l  in t o  and ou t o f  th e  boundary la y e r  r e g io n .
M ethods w hich g e n e r a l ly  converged  to  th e  s o lu t io n  q u ic k ly  a l s o  
tended  to  have i n s t a b i l i t y  s e t  in  n ea r  o p e r a tin g  c o n d it io n s  o f  h ig h  
c o n c e n tr a t io n s  and low  f lo w  r a t e s .  M ethods w hich w ere alw ays s t a b le  
ten d ed  to  con verge to  th e  s o lu t io n  r a th e r  s lo w ly .  In v iew  o f th e  gen ­
e r a l  p u rp ose n a tu re  o f  th e  s im u la to r , a s o lu t io n  method o f  th e  l a t t e r
1 0 0
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v a r ie t y  was chosen  fo r  u se  in  th e  u l t r a f i l t r a t i o n  and r e v e r s e  o sm o sis  
sy ste m s m od els .
The p r o c e ss  f lo w  s im u la to r  on th e  w hole perform s a d m ira b ly . One 
f e a tu r e  o f  th e  s im u lto r  w orthy o f  s p e c ia l  n o te  i s  th e  t o t a l  and s p e c ie s  
m a te r ia l  b a la n c e  c a lc u la t io n s  perform ed around th e  o v e r a l l  p r o c e s s  con­
f ig u r a t io n .  T h is  s im p le  check  q u ic k ly  p r o v id e s  a good e s t im a te  o f  th e  
in t e g r i t y  o f  th e  s o lu t io n  th a t  w ould r e q u ir e  c o n s id e r a b le  e f f o r t  to  
o b ta in  o th e r w is e .
To d em on stra te  th e  c a p a b i l i t i e s  o f  th e  component m od els and th e  
s im u la to r , an exam ple s im u la t io n  was perform ed . The p r o c e s s  c o n f ig u r a ­
t io n  ch osen  fo r  s tu d y  i s  s im i la r  to  th e  c o n c e p tu a l d e s ig n  o f  a w ater  
trea tm en t u n it  by th e  Walden D iv is io n  o f  Abcor In c . ( 1 3 ) .  T a b les  7 -1  
through  7 -3  and F ig u r e s  7 .1  throu gh  7 .5  d e s c r ib e  th e  u n it  s p e c i f i c a t i o n s  
and o th e r  background in fo r m a tio n  u sed .
Model p aram eters f o r  th e  u n it  p r o c e s s e s  w ere d eterm in ed  in  th e  
manner o u t l in e d  in  C hapters I I  through  V. T a b le s  7 -4  through 7 -6  p re ­
s e n t  th e  r e s u l t s  o f  th e  param eter e s t im a t io n  e x p e r ie n c e  fo r  th e  u l t r a ­
f i l t r a t i o n ,  r e v e r s e  o sm o s is , and o z o n a tio n  sy ste m s m o d els .
Due to  th e  s c a r c i t y  o f  u s e a b le  d a ta ,  th e s e  p aram eters w ere d e t e r ­
m ined o n ly  to  th e  d e g r e e  n e c e s s a r y  to  g iv e  r e a so n a b le  agreem ent betw een  
m odel p r e d ic t io n s  and e x p er im en ta l r e s u l t s .
A s im p le  s e n s i t i v i t y  a n a ly s is  was perform ed fo r  each  u n it  p r o c e s s  
m odel by r ec o rd in g  th e  r e sp o n se  to  p u r tu r b a tio n s  in  o p e r a t in g  v a r ia b le s  
and a d ju s ta b le  p a ra m eters . W hile no q u a n t i t a t iv e  judgem ents w ere p o s s i ­
b l e ,  th e  m odel r e sp o n se s  to  th e s e  t e s t s  w ere a t  l e a s t  q u a l i t a t i v e l y  
c o r r e c t .
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Table 7-1. Formulation of Hospital Composite Waste Water
H o s p ita l  C om posite W aste Water i s  composed o f  th e  fo l lo w in g  
in d iv id u a l  w a ste  s trea m s: (An average  a n a ly s is  o f  each  stream  i s  a ls o
g iv e n )  .
Suspended S o lid s  D is so lv e d  S o l id s
W aste Stream s
C o n cen tra tio n  
(gm/m )
C o n cen tra tio n
(gm/m3)
TOC C o n c en tra tio n  
(gm/m3 )
Shower 93. 374. 4 4 .
K itch en 910 . 3290 . 1 1 2 0 .
O p erating  Room 2 . 1788. 2 5 2 .
L aboratory 5 8 . 215 . 47 6 .
X-Ray 4 3 . 1247 . 126 .
D ata taken  from th e  Walden R eport ( 1 3 ) .
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T able 7 - 2 .  T y p ic a l H o s p ita l  W aste Water Flow  
P a tte r n s  ( fo r  24 hour day)
W aste Type 
Shower 
Shower 
Shower 
K itch en  
K itch en  
K itch en  
K itch en  
O p eratin g  Room 
L aboratory  
X-Ray
Time o f  
P u ls e  (h r)
6 . 0
1 6 .0
2 3 .2 5
8. 0
1 2 . 0
1 7 .0
2 3 .0  
0 . 0
9 .0
9 .0
P u ls e  C ycle  
Time (h r)
2 4 .0
2 4 .0
2 4 .0
2 4 .0
2 4 .0
2 4 .0
2 4 .0
1 . 0
2 4 .0
2 4 .0
P u ls e  Flow  
R ate (n P /h r)
1 .5 1
1 .5 1
1 .5 1  
0 .2 6  
0 .2 6  
0 .2 6  
0 .2 6  
0 .5 3  
0 .1 9  
0 .0 6 6
P u ls e  
D u ration  (hr)
1 .5
3 .0  
0 .7 5
2 . 0  
2 . 0  
2 . 0
1.0 
0 .2 5
7 .0
8 . 0
D ata taken  from th e  Walden R eport ( 1 3 ) .
104
Table 7-3. Unit Descriptions and Specifications
U nit D e s c r ip t io n
Ul E q u a liz a t io n  P r e sc r e e n in g  Tank.
3
I n i t i a l  Volume = 15 m
I n i t i a l  C o n cen tra tio n  o f  Suspended S o lid s  = 159
m-*
I n i t i a l  C o n cen tra tio n  o f  D is so lv e d  S o l id s  =1107 -®r
m-*
I n i t i a l  C o n cen tra tio n  o f TOC = 2 6 3  ^
m
U2 O verflow  Tank.
3
I n i t i a l  Volume = 0 .3 5  m
I n i t i a l  C o n cen tra tio n  o f  Suspended S o l id s  = 159
mJ
ojU
I n i t i a l  C o n cen tra tio n  o f  D is s o lv e d  S o l id s  =1107
raJ
I n i t i a l  C o n cen tra tio n  o f  TOC = 263 ^jr
mJ
3
D esig n  O verflow  R ate = 0 .0 8  m /h r
3
Maximum Volume = 0 .7 6  m 
U3 UF C ir c u la t io n  Pump.
3
Pump Flow  R ate = 6 1 .3 2  m /h r
U4 UF M odule.
C o n fig u r a tio n  = 9 tu b es  
Tem perature = 311°K  
I n le t  AP = 3 .4 0  atm 
AP down UF tu b es  = 2 .0 4  atm 
U5 RO Feed Tank.
I n i t i a l  Volume = 0 .5 7  m^
I n i t i a l  C o n cen tra tio n  o f  Suspended S o lid s  = 0 . 0
TO-1
I n i t i a l  C o n c en tra tio n  o f  D is s o lv e d  S o lid s  = 600 ^
gm
I n i t i a l  C o n cen tra tio n  o f  TOC = 25
mJ
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Table
U n it
U6
U7,U 8  
U ll
U12
7-3. (cont.)
D e s c r ip t io n
RO B a tte r y  High P r e ssu r e  Pump.
3
Pump Flow R ate = 0 .9 5  m /h r
,U9,U10 RO M odules.
C o n fig u r a tio n  = B-10 Permasep H ollow  F ib er  
S ep arator
P r e ssu r e  = 54 atm
Tem perature = 303 °K ,
Ozone C o n ta c tin g  System .
C o n fig u r a tio n  = 6  s t a g e s ,  p r e c o n ta c to r
3
P r e c o n ta c to r  Volume = 0 .6 9 0  m
3
Stage  Volume = 0 .7 3 6  m
3
Gas Flow R ate = 1 .6 9 8  m /h r
I n le t  0^ C o n cen tra tio n  = .0122  m oles O^/mole
c a r r ie r  gas
I n le t  C o n cen tra tio n  o f  Suspended S o l id s  = 0 .0
m-*
I n le t  C o n cen tra tio n  o f  D is s o lv e d  S o l id s  = 5 0 .0
nw
I n le t  C o n c en tra tio n  o f  TOC = 5 .0
m-J
H y p o ch lo r in a tio ti U n it .
Volume = .252 m^
Feed R ate o f  C ( 0 C1 )„  S o lu t io n  = 6.42X 10 m'Vhr a 2
C o n cen tra tio n  o f  C (0C1) S o lu t io n  = 0 .6 4 3  —a i. jjjj
I n i t i a l  C o n cen tra tio n  o f  Suspended S o l id s  = 0 . 0
mJ
I n i t i a l  C o n cen tra tio n  o f  D is s o lv e d  S o l id s  = 5 0 .0
rwro-
I n i t i a l  C o n cen tra tio n  o f  TOC = 5 .0
W aste
Water
S ources
E/P UF RO u v /o 3 HC ProductS torage
E/P -  E q u a liz a t io n /P r e -s c r e e n in g  system  
UF -  U l t r a f i l t r a t io n  system
RO -  R everse  Osmosis system
UV/O^ -  Ozone C o n tactin g  system
HC -  H y p o ch lo r in a tio n  system
F ig u re  7 .1 .  Example P ro c ess  C o n fig u ra tio n
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O perating  Room, 
Shower, and 
K itch en  Stream s
Lab and 
X-Ray Stream s
F ig u r e  7 .2 .
UF c o n c e n tr a te
E/P Tank UFPump
U3 U4U1
UF Perm eate R ecy c le
Ovf lw 
Tank
UF Perm eate 
to  RO feed  
Tank
U2
Expanded E q u a liz a t io n /P r e -sc r e e n in g  and U l t r a f i l t r a t i o n  System s
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R0_J3atter£ii|C on cen tra t£
RO
Feed
Tank
RO B a ttery  
o f
4 Modules
UF Perm eate Pump
U6
U5
RO B a ttery  Perm eate 
to  O zonation  System
F ig u re  7 .3 .  Expanded R everse O sm osis System
RO B a ttery  C oncen trate
£0 -1
C oncentrate
U7
RO-4RO-3Perm eate
RO B a tte r y  
I n f lu e n t
c o n e .cone
U9 U10
RO-2
Perm eateC oncentrate Perm eate
U8
Perm eate
RO B a ttery  Perm eate
F ig u re  7 .4 .  Expanded RO Module B a tte r y  Diagram
C alcium  H y p o ch lo r ite  S o lu t io n
Ozone
RO B a tte r y C on tactin g
Perm eate System
U ll
±
H y p o ch lo r in a tio n  
System
U12
T reated  Water to  
P roduct S torage
F ig u re  7 .5 .  Expanded O zonation and H y p o ch lo r in a tio n  System s
Table 7-4. Parameter Estimation Results for Ultrafiltration (UF)
(Hospital Composite Waste Water)
A verage F lux  
(gm/m2 -h r )
UF Perm eate S o lid s  
C on cen tration  
(gm/m3 )
UF Perm eate TOC 
C on cen tra tio n  
(gm/m3 )
UF Module 
I n le t  Flow  
R ate (m3 /h r )
UF Feed S o lid s  
C on cen tra tio n  
(gm/m3 )
UF Feed TOC 
C oncen tration  
(gm/m3)
Data Model Data Model D ata Model
225900 216300 517 458 2 4 .5 6 .8 1 1240 229
152900 161200 869 746 8 1 .4 6 .8 1 2090 766
83230 87380 1560 1710 — 229. 6 .8 1 7920 2170
71340 66180 2 1 2 0 2296 457 . 6 .8 1 13400 4320
190900 539 572 104 5 2 .3 4 .5 4 1240 350
55560 6271 2886 683 489 4 .5 4 1 2 2 0 0 3350
25840 14285 6221 1328 1810 4 .5 4 37200 12300
I n le t  AP = 3 . 4  atm
Tube P r e ssu r e  L oss = 2 .0  atm 
T em perature = 311°K
Table 7-5. Parameter Estimation Results for Reverse Osmosis (RO)
(Hospital Composite UF Effluent)
RO Perm eate RO Perm eate TOC
Flow  R ate  
(m3 /h r )
RO Perm eate S o lid s  
C on cen tra tio n  (gm/m3)
C o n cen tra tion  
(gm/m )
S o lid s
(gm/m3)
D ata Model Data Model Data Model
.363 .335 104 . 105. 31 . 2 9 .9 1 2 1 0 0
.4 6 1  .448 3 9 .6 3 7 .5 1 7 . 2 0 .0 3460
.4 7 7  .544 1 4 .8 1 5 .4 1 2 . 8 .6 1 845
RO Feed C on cen tration  
TOC
(gm/m3 )
581
191
44
I n le t  Flow R ate = 1 .0 2  m /h r  
I n l e t  AP = 5 4 . 4  atm
Tem perature = 303°K
Table 7-6. Parameter Estimation Results for Ozonation
(Hospital Composite RO Effluent)
3
___________TOC, gm/m __
S ta g e  Data Model
■Contactor 1 0 .5 1 0 . 1
1 8 .3 8 . 2
2 6 . 6 6 . 8
3 5 .7 5 .8
4 5 .2 5 .2
5 4 .8 4 .7
6 4 .3 4 .3
I n le t  Ozone C o n cen tra tio n  
I n l e t  Gas Flow  R ate  
L iq u id  Flow  R ate  
pH
Tem perature
I n l e t  TOC C oncen trat io n
S ta g e  Volume
S ta g e  H
CLEN
CWIDTH
= 0 . 0 1 2 2 2 2  m oles 0 ^ /m o les  c a r r ie r  gas  
= 1 .6 9 8  m3/h r  
= 0 .0 6  m3 /h r  
= 9 ( c o n t r o l le d )
= 318°K 
= 1 1 . 6  gm/m3
0 .05 /m
1 .8 2 9  m
0 .0 2 7 8 9
fo r  sm a ll c o n ta c to r
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F ig u r e s  7 . 6  through 7 .1 8  show s e v e r a l  p r in t e r  p lo t s  g e n e r a te d  by 
th e  f lo w  s im u la to r  package fo r  t h i s  exam ple s tu d y .
An in t e r e s t in g  o b se r v a t io n  i s  th e  s te a d y  d eg ra d a tio n  in  th e  q u a l i t y  
o f th e  r e v e r s e  o sm o sis  (RO) com p osite  perm eate b eg in n in g  soon a f t e r  
s t a r t in g  o p e r a t io n . S in ce  th e  r e v e r s e  o sm osis  c o n c e n tr a te  i s  r e c y c le d  
back in to  th e  RO fe e d  tan k , c o n c e n tr a t io n s  in  th e  tank ten d  to  in c r e a s e .  
T h is in  tu rn  r e s u l t s  in  a h arder se p a r a t io n  in  th e  RO m odules and h ig h e r  
c o n c e n tr a t io n s  in  th e  p erm eate .
The e f f e c t s  o f  th e  low  p u r ity  RO perm eate a r e  tr a n sm itte d  down­
stream  b u t are  dampened somewhat by th e  l iq u id  volum es o f  th e  o z o n a tio n  
and h y p o c h lo r in a t io n  s y ste m s.
I t  m igh t a ls o  be n o ted  th a t  th e  TOC l e v e l s  o f  th e  o z o n a tio n  system  
in f lu e n t  a r e  much h ig h e r  than th o se  o f  th e  d a ta  p o in t s  u sed  to  d eterm in e  
m odel p aram eters f o r  t h i s  u n it  p r o c e s s .  The a ccu ra cy  o f  th e  s o lu t io n  
under th e s e  c o n d it io n s  i s  q u e s t io n a b le ;  how ever, th e  o z o n a tio n  system  
b eh a v io r  i s  r e a so n a b le  even  s o .
The p o in t  i s  th a t  th e  q u a l i t y  o f  th e  o v e r a l l  m odel i s  l im it e d  in  
t h i s  c a se  by th e  a v a i la b le  ex p er im en ta l d a ta  u sed  in  o b ta in in g  th e  com­
ponent m odel p aram eters .
The com p lete  d is c u s s io n  o f  t h i s  exam ple i s  c o n ta in e d  in  a t e c h n ic a l  
r e p o r t  to  th e  Army ( 1 2 ) .
The rem ainder o f  t h i s  ch ap ter  i s  d ev o ted  to  comments co n cer n in g  
p o s s ib le  e x te n s io n s  o f  th e  work perform ed.
A s u b s t a n t ia l  e f f o r t  has been made in  s tr u c tu r in g  th e  m odel so  th a t  
i t  w i l l  rem ain a v ia b le  t o o l  f o r  co n tin u ed  r e se a r c h  in  th e  a rea  o f  w ater  
r e -u s e  te c h n o lo g y . I t  has a lr e a d y  been m entioned  in  C hapter I th a t  th e  
s im u la to r  package fo r m u la tio n  f a c i l i t a t e s  th e  a d d it io n  o r  m o d if ic a t io n
v  i s a i p a E s T  16 e p  t a n k  y o  = o . o
FA3A EE7E E 1 VCI UKE CF TASK YMAY = 1 5 . 0 0
1 5 . 0 0 +V
* VY
* V V V
* VVV
4 VV
* VYV
* VYV
* VV
4 VV
* VV Y
1 1. 25+ VVV VV VV
* VV VVV v v v v
* VVV VVVV
* . VVVV
4 ■ VV
* • VVV v v v v
4 VV VV V7
* VVV V V
4 VVVV VV
4 yVVVV VV
7 . 5 0 +  . VVV VV
4 ■ VVVV VVV
* VVVV
4 •
4
4
4
3 . 7 5  +
4
0 . 0
0 . 0 0  0 . 0 0  8 . 0 0  1 2 . 0 0  1 6 . 0 0  2 C . J 0
T I K E ,  H5
Figure 7.6. Volume of E/P Tank (m^)
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0 . 0 0  0 . 0 0  S . C C  1 2 . 0 0  1 6 . 0 0  2 0 . 0 0
T I S E ,  HR
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F ig u re  7 . 7 .  Suspended S o l id s  C o n cen tra tio n  o f  E/P Tank (gm/ra ) 116
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SLIEST
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Figure 7.8. Flow Rate of UF Permeate (m /hr)
ST E E AS  9 OF P E R H E M E  YO 0 . 0
ELEMENT 3 DI SS OLVED S O L I D S  YSAX =  2 0 0 0 . 0 0
2 0 0 0 . 0 0 +
15 C O . 0 0 +  
*
1 Q C C . 0 0 +
« DDDDDDDD
*  . DDDDBDD DDDD
* DDDD DDEDDDD DDDD
* DDDDD DDD
« DDDDDDD
» DDDDDD
* DDDDDD DDDDD
* DDDDDDDDD DDDDDDD
* DDDDDDDDDDDD 
5 C 0 .  0 3  + DDDDDD
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»
0 . 3 J  4 . 0 0  8 . 0 0  1 2 . 0 0  1 6 . 0 0  2 0 . 0 0
T I H E ,  HR
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Figure 7.9. Dissolved Solids Concentration of UF Permeate (gm/m )
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V ZQDIPMENT 20  SC FEED TANK YO O . C
PARAMETER 1 VOLUME OP TANK YMAX =  5 . 0 0
5 . 0 0  + 
* 
*
* VV
* '  VVV
* VVV
* VV
* VVV
* VVV
3 .  7 5  + VVV
* VVV
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* VV
* • VVV
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* VVV
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1 . 2 5 +  VVVV
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F ig u r e  7 .1 0 . Volume o f RO Feed Tank (m )
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STREAM 2 b  EC COMPOS I TE PERMEAT YO = 0 . 0
E L E . i E S ?  4 TOTAL ORG CABBOH I f lAX = 2 0 0 . 0 0
2 CO.  0 0  * 
«
1 5 0 . 0 0 *
1 0 0 . 0 0 *
$
*
e
*
*
5 0 . 0 0 *
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Figure 7.11. TOC Concentration of RO Composite Permeate (gm/m )
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F ig u re  7 .1 2 .  Flow R ate o f  RO C om posite Perm eate (m /h r )
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F ig u r e  7 .1 3 .  D is so lv e d  S o lid s  C on cen tra tio n  o f  O zonation  System  E ff lu e n t  (gm/m ) 122
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Figure 7.14. TOC Concentration of Ozonation System Effluent (gm/m )
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Figure 7.15. Free Available Chlorine Concentration of Chlorinator Effluent (ppm)
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Figure 7.16. pH of Chlorinator Effluent
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Figure 7.17. Dissolved Solids Concentration of Chlorinator Effluent (gm/m )
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Figure 7.18. TOC Concentration of Chlorinator Effluent (gm/m )
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o f  u n it  p r o c e s s  m od els; how ever, t h i s  c a p a b i l i t y  a ls o  e x te n d s  to  th e  
im p lem en tation  o f  o th e r  netw ork sy s te m s . Two o f  in t e r e s t  to  th e  au thor  
a re:
1 . A s e n so r  netw ork
2 . A c o n tr o l  e lem en t netw ork
These a d d it io n a l  f e a t u r e s  w ould be added in  a way a n a logou s to  th a t  
fo r  new u n it  p r o c e ss  m od els . That i s ,  th e s e  netw orks cou ld  be appended  
on to  th e  p r o c e ss  f lo w  s im u la to r  by w r it in g  m odels fo r  each  o f  th e  
c o n tr o l  e lem en ts  or s e n so r s  and then  w r it in g  an in t e r f a c in g  r o u t in e  fo r  
l in k a g e  to  th e  s im u la to r  p ack age.
T h u s, th e  developm ent o f  a t a i l o r e d ,  com prehensive m odel o f  v i r ­
t u a l ly  any p r o c e s s  c o n f ig u r a t io n  c o u ld  be handled  in  a s tr a ig h tfo r w a r d  
and s ta n d a r d iz e d  m anner.
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